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RESUMEN
Carbo´n:Situacio´n actual
A pesar de sus emisiones altamente contaminantes, debido a su facilidad de almace-
namiento, disponibilidad y gran cantidad de reservas, el carbo´n es todav´ıa una de las
fuentes de energ´ıa ma´s utilizadas para la produccio´n de la misma. Ha sido estimado que
au´n cuando las reservas de petro´leo y gas natural se agoten quedara´ carbo´n para uti-
lizar como combustible fo´sil. Incluso considerando el esperado aumento de la demanda
energe´tica en los an˜os venideros se espera que las reservas de carbo´n puedan suplir esta
demanda por lo menos hasta el an˜o 2100.
Concretamente, el carbo´n constituye actualmente el 85% de las reservas energe´ticas mundi-
ales. De este porcentaje se puede desdoblar un 94% de hulla, carbo´n ma´s bituminoso con
un porcentaje de carbono superior al 75%, y un 6% de lignito. Se podr´ıa esperar que
el lignito madurara convirtie´ndose en hulla o que nuevo lignito fuera formado, pero en
vista del proceso de creacio´n de estos, este proceso puede llevar cientos si no miles de an˜os.
Dado que no se ha llegado a una evolucio´n completa hacia energ´ıas ma´s limpias, seguimos
siendo muy dependientes de estos combustibles. En el caso de seguir basando la economı´a
en el uso de combustibles fo´siles, el carbo´n podr´ıa ganar protagonismo en los pro´ximos
an˜os por su alta disponibilidad.
Condiciones oxy-fuel
En el caso de buscar una reduccio´n de estas emisiones contaminantes de los combustibles
fo´siles, uno de los me´todos ma´s utilizados es usar alternativas de la combustio´n tradi-
cional. Entre ellas destaca la combustio´n bajo condiciones oxy-fuel. Estas condiciones
consisten en llevar a cabo la combustio´n del carbo´n u otro combustible en ausencia de
nitro´geno, esto es, solo usando ox´ıgeno puro como comburente en vez de aire.
Bajo estas condiciones las emisiones de o´xidos de nitro´geno son altamente reducidas puesto
que el u´nico nitro´geno que toma parte en la reaccio´n es el contenido inicialmente en el
combustible. Como es bien sabido, la emisio´n de estos o´xidos de nitro´geno es perjudicial
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para los humanos y constituyen un tipo de contaminacio´n local del aire.
Adema´s, el dio´xido de carbono (CO2) se convierte en el gas de salida en mayor con-
centracio´n por una gran diferencia respecto al resto de gases de escape. Esto facilita la
posterior captura y almacenamiento del dio´xido de carbono mediante tecnolog´ıas de CCS
(Carbon capture and storage). Aunque no sepamos hasta cuando podremos almacenar el
dio´xido de carbono, actualmente es una solucio´n para no aumentar las emisiones de este
gas a la atmo´sfera y evitar de este modo la contribucio´n al efecto invernadero.
Azufre y cloro en el carbo´n
Durante la combustio´n del carbo´n bajo condiciones oxy-fuel, es decir, poniendo en con-
tacto el combustible u´nicamente con ox´ıgeno puro, las temperaturas de la combustio´n se
elevan a temperaturas no soportables para las ca´maras de combustio´n. La solucio´n ma´s
utilizada para reducir estas altas temperaturas es recircular el gas de combustio´n, que
se encuentra normalmente a temperaturas inferiores a las temperaturas de entrada en la
ca´mara de combustio´n. Para que el calentamiento de este gas no suponga una sancio´n
energe´tica inasequible, la recirculacio´n debe realizarse antes del sistema de desulfurizacio´n.
Por tanto, es comprensible que el contenido de azufre en el gas de combustio´n sea muy el-
evado. En verdad, despue´s del o´xido de carbono, despreciando el vapor de agua, el azufre
y el cloro son las siguientes especies en mayor concentracio´n en el gas de combustio´n.
El azufre es un elemento necesario para la vida de los organismos, por ello no es de ex-
tran˜ar que el carbo´n contenga azufre en mu´ltiples formas pudiendo llegar a representar
hasta el 10% de su composicio´n. El azufre puede presentarse como azufre orga´nico o
inorga´nico, como es el caso de los sulfuros y sulfatos. El cloro, por el contrario, suele
encontrarse en el carbo´n en una menor concentracio´n, tambie´n en forma orga´nica o en
forma mineral pero puede ser ma´s perjudicial que el azufre, dado que al unirse con agua
formando a´cido clorh´ıdrico puede dar lugar a problemas de corrosio´n.
Objetivo del trabajo y l´ıneas futuras
El objetivo principal de este trabajo de fin de grado consiste en crear un modelo cine´tico
predictivo multi-etapa, el cual describa las emisiones de las distintas especies compuestas
de azufre durante la piro´lisis del carbo´n. Este modelo recoge los datos necesarios para,
solo en base a concentraciones iniciales y distribuciones de temperatura, calcular las con-
centraciones de las diferentes especies de azufre contenidas en el carbo´n en funcio´n de la
temperatura que evoluciona durante la piro´lisis.
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El fin primordial del trabajo consiste en que este trabajo pueda ser utilizado para realizar
estudios sobre distintos tipos de carbo´n sin la necesidad de recurrir a realizar experi-
mentos. Algunos de estos experimentos exigen un alto gasto de los departamentos de
investigacio´n y podr´ıan evitarse con modelos de simulacio´n competentes.
Se espera que futuros trabajos de investigacio´n puedan contribuir a este trabajo de fin de
grado expandie´ndolo e incluyendo la evolucio´n de las emisiones de cloro e introduciendo
tambie´n las condiciones de contorno para las condiciones oxy-fuel. Con ello se podra´
obtener un mejor enfoque de los mecanismos cine´ticos que ocurren en el carbo´n durante
el proceso de piro´lisis.
En cualquier caso, una vez estando creada la base de programacio´n para el modelo de
simulacio´n, el trabajo restante para introducir las emisiones de cloro y las condiciones
oxy-fuel es meramente qu´ımico. Esto es, tan solo incluyendo la caracterizacio´n del cloro
para el modelo y las reacciones que intervienen en los procesos de formacio´n y descom-
posicio´n del cloro, por ejemplo, el modelo ser´ıa capaz de devolver la evolucio´n de estas
especies con el tiempo.
Combustio´n del carbo´n
Para la realizacio´n del trabajo de fin de grado, en primer lugar, se estudio´ el marco teo´rico
del proceso de la piro´lisis del carbo´n. Este marco incluye el estudio de la composicio´n y
las propiedades del carbo´n, el proceso completo de combustio´n, el procedimiento de las
condiciones oxy-fuel y las tecnolog´ıas de captura y almacenamiento del carbo´n (CCS).
El carbo´n esta´ principalmente formado, segu´n el ana´lisis u´ltimo, por materia orga´nica,
concretamente, carbono, hidro´geno, ox´ıgeno, nitro´geno, azufre y otros elementos como
fo´sforo en menores cantidades. Son el carbono el hidro´geno y el azufre los componentes
principales de la parte combustible del carbo´n, los que proporcionan al combustible su
poder energe´tico. A la vista del ana´lisis pro´ximo se considera al carbo´n como mezcla de
carbono fijo, compuestos vola´tiles, humedad, libre o inherente, y cenizas. Se debe con-
siderar el hecho de que al aumentar la madurez del carbo´n, este reduce su cantidad de
humedad y compuestos vola´tiles para suplirla por ma´s carbono, en este caso carbono fijo.
Esto afecta directamente a las propiedades del carbo´n. La menor humedad facilita su
calentamiento, dado que requiere menos energ´ıa para la evaporacio´n de la misma, y los
componentes vola´tiles aceleran el proceso de ignicio´n. Esto produce, por ejemplo, la
mayor dificultad de ignicio´n de la antracita en comparacio´n con otros carbones menos
bituminosos.
En cuanto al proceso de combustio´n, son varias etapas las que lo constituyen: el secado,
la piro´lisis, la gasificacio´n, la ignicio´n, la combustio´n de componentes vola´tiles y la car-
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bonizacio´n. Durante el secado la humedad en su totalidad es eliminada, primero a 100◦C
la libre, y a 300◦C se puede considerar que la totalidad de la humedad ha sido evapo-
rada.Al alcanzar estas temperaturas comienza la piro´lisis.
Figure 1: Etapas de la combustio´n del carbo´n. [7]
Tras la piro´lisis, en la gasificacio´n tienen lugar reacciones so´lido-gas en las cuales los
agentes gasificantes reaccionan con el carbo´n dando lugar a componentes vola´tiles. Un
ejemplo es la reaccio´n Boudard. La ignicio´n comienza al alcanzar su temperatura homo´nima,
que normalmente ronda los 500◦C, dependiendo del carbo´n, y finalmente se queman
primero los componentes vola´tiles y posteriormente se carboniza la materia restante. La
combustio´n de la materia vola´til es un proceso homoge´neo y muy ra´pido mientras que la
carbonizacio´n del carbo´n restante es una etapa heteroge´nea que requiere una gran canti-
dad de mecanismos de difusio´n para concluir.
No obstante, la piro´lisis es el punto clave de este trabajo y fue investigado profundamente.
Se trata de un proceso en el cual el ox´ıgeno no toma parte. Durante la piro´lisis, las reac-
ciones qu´ımicas que ocurren en el carbo´n son desencadenadas u´nicamente por las altas
temperaturas. Estas reacciones son en su mayor´ıa reacciones en las que los componentes
vola´tiles son liberados, es por ello que en ocasiones se denomina tambie´n a esta etapa
devolatilizacio´n.
Estas reacciones y los mecanismos cine´ticos que conllevan fueron estudiados espec´ıficamente
para el caso del azufre. En aras de crear el modelo era necesaria una buena comprensio´n
de las especies de azufre existentes en el carbo´n y la manera en la que esta´n correla-
cionadas. Se estuidaron las relaciones que dan lugar a la composicio´n y descomposicio´n
de las distintas especies de azufre.
Creacio´n del modelo
Estos procesos deb´ıan ser totalmente asimilados antes de la creacio´n del modelo. Para la
creacio´n del modelo de simulacio´n, la investigacio´n sobre la cine´tica qu´ımica era tambie´n
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requerida. Primeramente se estudiaron la ley de tasa de reaccio´n de la cine´tica qu´ımica
y una gran variedad de modelos de reaccio´n.
Finalmente se escogio´ un modelo de reaccio´n para el trabajo entre todos los estudiados,
siendo este el que mejor se adecuaba a la morfolog´ıa de las part´ıculas de carbo´n, que
consideraba no solo las part´ıculas del carbo´n situadas en la superficie sino tambie´n las del
interior teniendo en cuenta los procesos de difusio´n correspondientes. Este modelo que,
siendo uno de los ma´s sencillos, cumpl´ıa con los requerimientos del modelo, se denomina
generalmente modelo volume´trico.
Se busco´ una forma de traducir las leyes de reaccio´n a un modelo informa´tico capaz de
convertirse en un modelo de simulacio´n. Se encontro´ entre la literatura un texto que estu-
diaba la forma de introducir las leyes de tasas de reaccio´n para el proceso de produccio´n
del NO2 en un modelo de programacio´n. Sin embargo, se observo´ que esta metodolog´ıa
era muy complicada de realizar al introducir ma´s especies y reacciones interviniendo en
el modelo.
Es ma´s, entre la literatura se encontraron varios me´todos para programar los distintos
modelos de reaccio´n, como se ha comentado, pero todos ellos resultaron ser demasiado
complejos para modelos mayores, como el presente en este trabajo de fin de grado. Por
ello, el modelo de reaccio´n fue programado basado en una facilidad para futuras personas
que quisieran mejorar o usar el modelo de simulacio´n.
Se siguio´ investigando y se hallo´ un mejor enfoque para la ecuacio´n de Arrhenius que in-
corporaba una relacio´n ma´s con la temperatura. Este enfoque daba mejores resultados a
la vista de los datos experimentales y fue el elegido para utilizar en el proceso a la hora de
calcular las variaciones de composicio´n en las tasas de reaccio´n de las diversas reacciones.
Este nuevo enfoque cambiaba el valor de la constante de ratio de reaccio´n para cada una
de las reacciones pero no cambiaba el modelo volume´trico. Solo tuvo que ser introducido
dentro de los datos cine´ticos del modelo.
Modelos de piro´lisis reconocidos, como el FG-DVC o el FLASHCHAIN, se estudiaron y
sus mecanismos cine´ticos fueron comparados. Sin embargo, estos modelos describ´ıan la
piro´lisis del carbo´n en su totalidad y no explicaban con suficiente detalle los mecanismos
de las especies de azufre, por ello sus metodolog´ıas no fueron las utilizadas para el trabajo.
De todas formas, la informacio´n recopilada se considera importante para la futura posible
extensio´n del modelo. Tambie´n se presentan en el trabajo te´cnicas de piro´lisis con el fin
de distinguirlas en la seccio´n de resultados, ya que cada experimento fue realizado con
te´cnicas distintas y esto podr´ıa cambiar la percepcio´n de los resultados obtenidos.
Con la informacio´n recopilada se busco´ un modelo en la literatura que pudiera ser re-
producido. Se observo´ que, aunque una gran cantidad de textos cient´ıficos expon´ıan los
resultados de sus experimentos y relacionaban estos resultados a un modelo de simulacio´n,
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no se daba informacio´n sobre la creacio´n de este modelo ni sus bases de programacio´n.
Por tanto, el modelo tuvo que ser creado desde cero.
Sin embargo, s´ı que se encontro´ en la literatura un texto que analizaba los mismos mecan-
ismos que los estudiados en este trabajo. Aunque nuevamente no inclu´ıa detalles sobre
la programacio´n de su modelo de simulacio´n, la caracterizacio´n qu´ımica del carbo´n y
las reacciones qu´ımicas que intervienen durante la piro´lisis pudieron ser extra´ıdas de ese
texto. Con estos datos y la informacio´n recopilada durante la investigacio´n sobre cine´tica
qu´ımica la estructura del co´digo fuente fue creada.
En esencia, el co´digo contempla las reacciones que transcurren durante la piro´lisis y medi-
ante el modelo de reaccio´n calcula la variacio´n en la concentracio´n de cada especie. Para
ello, la caracterizacio´n es enormemente importante. Esta determina las especies de azufre
contenidas en el carbo´n y su clasificacio´n. De ella dependen las reacciones consideradas
para la piro´lisis. A mayor nu´mero de especies consideradas ma´s compleja sera´ la inter-
accio´n entre ellas.
Figure 2: Azufre contenido en el carbo´n segu´n el modelo.
Entrando en detalle, la caracterizacio´n del modelo define cinco especies iniciales de azufre
que esta´n contenidas en todo tipo de carbones. En la consideracio´n de este trabajo se
asume que el azufre contenido en el carbo´n se divide en orga´nico e inorga´nico, donde
las especies de azufre orga´nico tratadas son el azufre tiofe´nico, azufre alifa´tico y azufre
aroma´tico, y las inorga´nicas son los sulfuros de azufre y los sulfatos de azufre. A grosso
modo el azufre alifa´tico es el compuesto en cadenas o ciclos alifa´ticos, el aroma´tico se
encuentra en ciclos con dobles enlaces muy estables y el u´ltimo y menos comu´n, el azufre
tiofe´nico es aquel que se encuentra en ciclos heteroge´neos bajo la fo´rmula C4H4S.
El modelo presupone que estas cinco especies se descomponen total o parcialmente durante
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la piro´lisis dando lugar a nuevas especies. En total son 16 especies las que participan en
el proceso de piro´lisis del carbo´n. Todas ellas conteniendo o relacionadas con el azufre. A
su vez, estas 16 especies se relacionan entre s´ı en 15 reacciones. Finalmente, considerando
la variacio´n en la concentracio´n que cada reaccio´n provoca a cada especie y suma´ndolas
se obtuvo la variacio´n en concentracio´n en cada espacio de tiempo para cada especie.
Figure 3: Mecanismos del modelo
Como se puede observar, es la caracterizacio´n lo que define las especies que el modelo
estudia y el proceso de combustio´n investigado, en este caso la piro´lisis de los compuestos
de azufre.
Co´digo de programacio´n
Todos los datos fueron recopilados y escritos en MatLab. Este programa fue el utilizado
para crear el modelo debido a su gran difusio´n y la facilidad de manejo que aporta, de
modo que el modelo pudiera ser usado en el futuro como medio de recoleccio´n de datos o
para futuro desarrollo del modelo.
La estructura del co´digo del modelo de simulacio´n se basa en un co´digo principal y dos
funciones. La primera funcio´n devuelve la temperatura en cada instante que depende de
la temperatura inicial, la tasa de calentamiento, y si hay una temperatura de relajacio´n
final tras la piro´lisis del experimento. La segunda funcio´n devuelve en cada instante la
composicio´n de cada especie de azufre caracterizada en el modelo.
Es decir, los para´metros de cada experimento, esto es, temperatura y composicio´n ini-
ciales adema´s del ratio de calentamiento, han de ser introducidos en el co´digo principal del
programa, el cual manda la informacio´n dentro de un bucle a la funcio´n. Esta funcio´n con-
tiene todos los datos cine´ticos de las especies de azufre y la relacio´n entre sus reacciones.
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Por medio del modelo de reaccio´n elegido y la influencia de cada una de las reacciones,
el modelo calcula la variacio´n de concentracio´n de cada una de las especies en cada ciclo
del bucle.
Finalmente, la funcio´n devuelve el vector concentracio´n, que contiene la concentracio´n de
cada especie que aparece en el modelo para un tiempo concreto. Dado que la funcio´n es
llamada dentro de un bucle que incrementa la temperatura, la cual es dependiente del
tiempo, finalmente se obtiene una matriz con todas las concentraciones de cada especie
para cada espacio de tiempo.
En consecuencia, solo introduciendo los para´metros del experimento como la composicio´n
inicial del carbo´n, la temperatura inicial y la tasa de calentamiento, el modelo es capaz
de predecir la evolucio´n de cada especie durante la piro´lisis. El hecho de que este modelo
solo sirva para el proceso de piro´lisis se basa en la eleccio´n de las reacciones que ocurren.
Si se introdujeran reacciones como la reaccio´n Boudard, entonces podr´ıa tratarse de un
modelo tambie´n de gasificacio´n del carbo´n. Aunque la caracterizacio´n del carbo´n fuera la
misma, en vista de las reacciones en las que interactu´an las especies de azufre se puede
apreciar que el ox´ıgeno no esta´ presente en ellas, estas reacciones ocurren u´nicamente por
causa del aumento de temperatura dentro del carbo´n.
Obtencio´n de resultados
Una vez el modelo fue creado, se probo´ su precisio´n. Primero se validaron los resultados
del modelo de simulacio´n compara´ndolos con los experimentos presentados en la literatura
que utilizaban otros modelos. Concretamente, se compararon con los resultados del texto
sobre los compuestos de azufre en la piro´lisis del carbo´n.
A pesar de no conocer la estructura del co´digo fuente del modelo de dicho texto, y que
probablemente la programacio´n fuera distinta, el modelo de este trabajo demostro´ obtener
resultados muy similares al modelo de la literatura. En concreto, los resultados fueron
excepcionales para tasas de calentamiento medias o bajas y buenos para tasas de calen-
tamiento muy elevadas.
Finalmente, con un modelo ya considerado va´lido se contrastaron los resultados con resul-
tados de experimentos reales, realizados en el departamento. Nuevamente los resultados
obtenidos fueron cercanos a los datos experimentales. Estos resultados pueden consid-
erarse sobresalientes porque demuestran la viabilidad del uso del modelo de simulacio´n.
Ni ma´s ni menos, el modelo demostro´ ser aplicable y u´til para experimentos nunca antes
testados. Esta vez, sin embargo, s´ı se encontraron algunas desviaciones.
X
En primer lugar, el modelo presentado en este trabajo no incluye dentro de su carac-
terizacio´n sulfuro de carbonilo(COS). Por el contrario, el modelo considera una especie
denominada SGas que representa un conjunto de gases con menor relevancia de inter-
accio´n en la piro´lisis del carbo´n. No obstante, al estudiar solamente la evolucio´n de dicho
gas, los resultados experimentales y los del modelo no segu´ıan una aproximacio´n tan veraz.
Por otro lado, en la realidad, es decir, experimentalmente las especies sufren cambios ma´s
abruptos de concentracio´n, tienen picos ma´ximos. Los modelos de simulacio´n, en cambio,
siguen evoluciones paulatinas de la temperatura y cambios graduales. En estos casos el
modelo llego´ a preveer las temperaturas a las cuales los aumentos de concentracio´n se
daban y la integral de sus aumentos de concentracio´n era similar aunque, como se ha
comentado, una mucho ma´s apuntada que la otra.
Finalmente, un resultado sobresaliente fue el hecho de poder clasificar gracias al modelo
las distintas especies de azufre orga´nico existentes. Esto se puede apreciar en la figura
expuesta a continuacio´n. En verdad, es muy comu´n que en los datos de los carbones se fa-
cilite la clasificacio´n en azufre tiofe´nico y no tiofe´nico pero nada ma´s concreto. Puesto que
el modelo de simulacio´n exige la distincio´n de estas especies, y su clasificacio´n en alifa´tico
y aroma´tico,en la introduccio´n de para´metros, una vez introducidos unos para´metros ar-
bitrarios se puede comprobar si la simulacio´n encaja con los datos experimentales.
Figure 4: Tasa de evolucio´n de sulfuro de hidro´geno para los carbones U2 y K1.
En consecuencia, a base de iterar y cambiar estos para´metros se puede obtener unos val-
ores orientativos para la distribucio´n de estas especies orga´nicas. Esto se debe a que las
distintas especies de azufre orga´nico se descomponen a distintas temperaturas y por tanto
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generan productos tambie´n a distintas temperaturas. Las curvas de descomposicio´n o
produccio´n creadas a distintas temperaturas pueden dar una idea de ello.
En conclusio´n, los resultados demuestran que este trabajo de fin de grado no es solo u´til
para la previsio´n de la evolucio´n en la concentracio´n de especies sin necesidad de realizar
experimentos, tambie´n puede ser u´til para la deteccio´n de distintas especies de azufre
en el carbo´n. Esto es, con los datos experimentales y el modelo de simulacio´n se puede
obtener una caracterizacio´n aproximada del carbo´n tratado.
Futuras l´ıneas
Para futuras l´ınes de trabajo, en caso de no querer ampliar el modelo para cloro y las
condiciones oxy-fuel sino mejorarlo para las especies del azufre, se debera´n mejorar las
pequen˜as deficiencias de este trabajo. Primeramente se debera´ mejorar el comportamiento
del modelo tambie´n para tasas de calentamiento elevadas.
Por otro lado, en aras de eliminar los problemas con el sulfuro de carbonilo, entre otros, se
debera´ lograr una mejor caracterizacio´n del carbo´n. Una caracterizacio´n que no considere
Sgas como una especie, sino que considere cada una de las especies incluidas en este por
separado y considere las distintas reacciones que cada una de ellas sufren. De este modo,
la descripcio´n de la evolucio´n de las especies de azufre en la piro´lisis del carbo´n sera´ ma´s
acertada.
Palabras clave: combustio´n, piro´lisis, gasificacio´n, caracterizacio´n, azufre, carbo´n.
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SUMMARY
Despite its pollutant emissions coal is still the most important energy carrier regarding
energy production due to its availability and large amount of reserves. When a reduction
of this emissions is sought after, one of the common solutions is to use alternatives to
traditional combustion. Among these alternatives oxy-fuel combustion is becoming more
popular. Under oxy-fuel conditions the nitrogen oxides’ emissions are deeply reduced and
the high content of carbon dioxide in the flue gas makes facilitates its capture and later
storage.
On account of the recirculation needed to reduce the combustion temperatures, which is
done before the desulphurisation system, the sulphur content in the flue gas increases. In
fact, after CO2 sulphur and chlorine species are the second species in larger concentration
in the flue gas.
In this thesis a predictive multi-step kinetic model for sulphur release during pyrolysis
is presented. It is thought that future research lines may extend this kinetic model to
chlorine release and oxy-fuel conditions for the purpose of a whole approach to the kinetic
mechanisms that occur in coal under oxy-fuel conditions during pyrolysis.
Firstly, the theoretical framework of coal was studied, coal’s composition and properties,
the process of combustion, the oxy-fuel conditions’ procedure and the carbon capture and
storage technologies. Several steps conform the global process of combustion: drying,
pyrolysis, gasification, ignition, combustion of volatiles and char oxidation. However, py-
rolysis, the key point of this thesis, was investigated thoroughly. It is a stage where no
oxygen gets involved. During pyrolysis the chemical reactions occurring in the coal are
triggered only by high temperatures. The reactions and kinetic mechanisms during pyrol-
ysis were researched precisely for sulphur. A good comprehension of the sulphur species
appearing in coal and the way they are interrelated was needed to create the model.
In terms of the creation of the simulation model, research into chemical kinetics was also
required to create the model. In the first place the rate law for chemical kinetics and
a large variety of rate models were investigated. A better approach for the Arrhenius
equation was found and a rate model to be used for the model was chosen. Renowned
pyrolysis models from the literature were studied and their kinetic mechanisms were com-
pared. However, these models described coal pyrolysis globally and did not introduce
XIII
sulphur species. Moreover, some pyrolysis techniques were presented in order to be able
to distinguish them in the upcoming results section.
With the information gathered a model in the literature, which could be reproduced, was
sough after. It was observed that although several papers in the literature related their
results to a simulation model, no information was given about these models. Therefore
the model had to be started from scratch. The coal characterisation and chemical reac-
tions intervening in pyrolysis were extracted from the literature but the code’s structure
had to be created with the research about chemical kinetics.
All the data was collected and written down in MatLab. This program was used to create
the code due to its large widespread and the simple handling it provides, so that the code
could be used in the future for data collection or further development of the model. The
parameters for every experiment are to be introduced in the main code of the model,
which sends this information inside a loop to a function. This function has all the kinetic
data and the correlations between the sulphur reactions and, with help of the chosen rate
model, returns the concentration vector, which contains the concentration of all the ap-
pearing species, for a concrete time. As the function is called inside a loop which increases
the temperature, which is dependant on time, finally a matrix with all the concentrations
of every species for every time is obtained.
As a result, only introducing some parameters such as the initial composition of the coal,
the initial temperature and the heating rate, the model is able to predict the species’
evolution during pyrolysis.
Once the model was created, its accuracy had to be proven. In the first place the simu-
lation model was validated against the experiments displayed in the literature with other
models. The model proved to be very similar to the model in the literature and approach
accurately the experimental data.
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Chapter 1
INTRODUCTION
1.1 Introduction
In spite of its numerous disadvantages concerning the safeguard of the environment, coal
has demonstrated to still be the most used energy carrier worldwide. Its abundance, its
transport convenience and low price make coal an easy choice to produce energy.
Nevertheless, the modern society is moving towards a more environmentally friendly pro-
duction of energy. Greenhouse gas emissions are increasingly causing concern among the
population and consequentially renewable energies or other less pollutant energy carriers
have been gaining ground recently. Therefore, while traditional coal combustion is still
being used for energy production, research is being made to optimise its combustion pro-
cess in order to reduce its pollutant emissions.
For that purpose, it is essential to know thoroughly the coal’s reaction mechanisms and
the substances that are produced and released at every time during coal combustion. De-
velopments of pre-cleaning technologies for high-sulphur low-rank coals are desirable to
be done in addition to advancing efficient deployment processes. Between these cleaner
technologies, combustion under oxy-fuel conditions can be found, as it reduces highly the
NOX emissions. However, under these conditions, due to recirculation the sulphur con-
centration of the flue gas gets increased.
In this thesis a predictive multi-step kinetic model on sulphur release is presented. This
model is able to forecast the sulphur species that are produced during coal pyrolysis, the
temperatures and amounts at which these are released. Humankind may extract data
from this model in order to know how to create this cleaner technologies and try to pro-
duce less pollutant emissions.
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1.2 Goals
The aim of this thesis is to present a multi-step predictive kinetic model of the species
released during coal pyrolysis. The goal is to assess the coal’s reactions during pyrolysis
and create a simulation model which could predict the produced and decomposed species
in the coal, for every different coal with different initial species’ composition, temperatures
and heating rates. The model would be one chosen from the different pyrolysis models
available in the literature and further on be developed, implemented and validated. The
development of the model would include the suitability for oxy-fuel combustion and the
extension by the reactions describing the release of sulphur and chlorine into the gas phase.
In pursuit of a less polluting coal combustion, this model would provide the data to choose
the correct type of coal for every pyrolysis process, which could differ in the temperatures
reached, the ignition time, etc. Thus, it would supposedly be an easily manageable, intu-
itive and open to modification model. Moreover, the model’s code would be written in a
widespread program to ease its modification.
Regarding the results given by the model, firstly the model should be validated against
the experiments found in the literature. Once the model is proven to work successfully
the model would be tested against own experiments already carried out in the university.
This experimental data tested never before with a simulation model is aimed to show
whether the agreement is satisfactory or not.
In particular, the model is aimed to be formulated to give results also in the event of
oxy-fuel conditions, in which, as there is no nitrogen in the combustion air, the nitrogen
species appearing during the pyrolysis appear just because of the nitrogen in the fuel.
Hence, the main emitted substances would be now sulphur or chlorine species instead of
NOX . Consequently, the sulphur and chlorine species would be regarded in detail in the
model. Specific processes occurring involving these species will be explained and intro-
duced in the model. In fact, coal combustion with oxy-fuel conditions for further capture
and storage of dioxide carbon is one of the most popular strategies to reduce the polluting
potential of the coal combustion process.
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Chapter 2
METHODOLOGY
In the first place, research was made about coal pyrolysis in order to achieve a better un-
derstanding of the reactions occurring in the coal during combustion. As it was explained
in the introduction, many stages take place in coal pyrolysis, and within them, numerous
species interact. These species, sulphur and chlorine precisely, where investigated, above
all, to understand the main emitted substances when oxy-fuel conditions are implemented.
Further on, it was enquired into general chemical kinetics in pursuit of a better com-
prehension of the reaction rates which determine every chemical reaction. Indeed, every
chemical reaction follows the same law which establishes the formation and decomposi-
tion rates. In later stages, renowned pyrolysis models were examined in order to compare
them, extract the essential points and get an idea of what type of model to create. The
chosen model would be then developed and extended to the concrete conditions that were
sought after.
At a later stage, the model was developed. The reactions intervening in the pyrolysis
where listed, and with the chemical kinetics a MatLab model was made which could
simulate the emitting species depending on the initial composition of the coal, the initial
temperature, the heating rate and whether oxy-fuel conditions where implemented or not.
MatLab was chosen as programming basis due to common generalisation of the program
and for further widespread of the model.
The model was carried out to experiment the release of sulphur species, so significant
when oxy-fuel conditions are implemented. The different sulphur species contained in
coal were investigated as well as the sulphur diffusion mechanisms that occur during py-
rolysis. Lastly, the model was validated for the sulphur release against the experiments
found in the literature. Once the results had a positive agreement in comparison with the
experimental data the model was proven to work and it was tested against experiments
done in the department which had never been tested with a simulation model before.
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Chapter 3
COAL COMBUSTION
3.1 Coal consumption
The growing energy demand of developing countries gets solved with the use of fossil fuels.
The larger availability and lower cost of coal, in respect to other fossil fuels, make it one of
the leading energy resources for the electric production in the world. On the other hand,
coal is a source of greenhouse impact in terms of CO2. Thus, clean coal technologies are
growing and aiming at a higher efficiency and a careful emission control.[2]
Coal is widely used for electricity generation and in the production of steel, and the
amount of reserves and resources of coal are the highest ones among the group of the
fossil energy carriers.[3] Although for other energy carriers its scarcity may increase their
price, in the case of coal supply situations appear not to be critical.[4] Nevertheless, it
has been assessed that more than half of the coal production is mined less than 50 km
away from the power plant. In comparison with other energy carriers, this suggests that
hard coal trade is yet to be developed.[5]
Figure 3.1: Worldwide distribution of lignite’s total potential in 2005.[4]
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Besides that, considering the expected rise in global consumption until 2100 it has been
forecasted that world’s coal will meet demand until that year. In fact, every year the coal
resources become coal reserves because new pit sections are improved or developed, and
from a geoscientific point of view, there will be no bottleneck in coal supplies.[4] On the
one hand, coal is a major energy source, but on the other hand, coal combustion is a huge
pollution source. For this reason, research and development of technologies encouraging
low emission (especially sulphur oxides) persist of high interest.[6]
Coal constitutes the 85% of the total available energy reserves, from which 6% are from
brown coal and 94% from hard coal and anthracite coal. It has been forecasted that, if the
current coal consumption continues unaltered the primary energy carriers’ reserves would
last for around 175 years. Precisely, regarding the current development of the existing
reserves, crude oil reserves would last between 60 and 80 years, the natural gas reserves
around one hundred years and coal could last for 250 or 300 years. Hence, it is indis-
putable that coal is still the most important fossil fuel, despite its environment-pollution
issues, which through an optimal combustion and other measures could be diminished.[7]
The denomination fossil fuels, referred to coal, oil and natural gas, comes from its origin.[5]
Coal was formed out of root plants and marsh plants, which were located in hollow wet
areas where the organic matter from the plants and wildlife with the moist and the oxygen
from the air could die off.[7] Indeed, they are remains of wildlife and vegetation preserved
in sedimentary rocks. Pressure and high temperatures made these sedimentary rocks re-
lease their moisture.[5] Thus, coal arises from the accumulation of vast quantities of plant
remains and their subsequent decomposition and congealing. Different microbiological,
chemical and physical processes contribute to the process of natural coalification. As coal
matures it is said to increase in rank.[8]
The formation of coal process could be split into at least two big steps. In the first
stage, the peat formation, or peatification. Through microbiological process under nor-
mal temperature and pressure conditions peat would be formed, which with greater depth
of sinking slowly could be transformed into brown coal. This is the biochemical phase of
the coalification, process in which coal is formed. In the second stage, the geochemical
phase, under high pressure and temperature through thermal metamorphosis hard coal is
formed.[7] In this first steps of coalification H2O, N2 and CO2 are formed, and later on
CH4. The release of moisture produced by the high temperatures and pressure reduces
the content of moisture from 70% in peat to 15% in anthracite. Likewise the volatiles
content gets reduced from 75% to 10%. A great number of volatiles is constituted of CO2
and CH4, and therefore the carbon content in the rock increases from 50% to 90%.[5]
6 Escuela Te´cnica Superior de Ingenieros Industriales (UPM)
Modelling sulfur and chlorine release during coal pyrolysis under oxy-fuel conditions
Figure 3.2: Chemical type model for differente coal maturity ranks. [7]
3.2 Composition and properties
A coal’s ignition behaviour and combustion depend essentially in the coal’s chemical
structure of the organic substances and the way the particles were constructed.[7] Or-
ganic material and mineral matter conform coal, but it is the organic matter which gives
the fuel its energy content. Meanwhile, the mineral non-combustible matter, which is
constituted by water and inorganic ash, is responsible for the design and operation chal-
lenges that a power plant has to face. [5] During the heating the combustible organic
matter is partially released in gas form products denominated volatiles. The rest is called
fixed combustible matter.[7]
The organic matter of coal is mainly made up by carbon (C), hydrogen (H), sulphur
(S), these three constitute the combustible organic matter, nytrogen (N) and oxygen(O).
Other secondary elements are phosphorus (P) or heavy metals but these are trace elements
which lack of significance with regards to the combustion of coal. The main element is
obviously carbon (and older the coal, higher its carbon content). Hydrogen is the ele-
ment most connected to carbon, its content decreases with an increasing carbon content.
In coals with low carbon content the hydrogen percentage is around 40% while in high
carbon content anthracite coals this percentage can be reduced to 28%.[7]
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By the same token, in coals with less carbon oxygen is around 15% but it may only reach
2% in coals with a greater carbon content. This lower content of reactive oxygen gives
an explanation to the fact that anthracite coals have lower reactivity and ignitability.[7]
Sulphur is included in coal in organic carbon matter, organic sulphur, and in inorganic
compounds, such as pyrite (FS2).[5] Sulphur content also gets reduced when higher car-
bon content, but not in the case of nytrogen, as its content shows no dependence with
the coalification level although hard coal does usually have a greater content in nytrogen
than lignite.[7]
As a result, when the coal content increases the volatiles as well as water content, get
reduced. The fraction of volatiles to be released during the combustion depends on the
carbon content of the coal, which restricts the volatile content, the temperature of the de-
carbonisation and the speed at which the coal is heated. These volatiles are composed of
tar vapours, pyrolised water and gases such as CO2, CO, H2, H2S, N2 among others.[7] As
stated earlier, non-combustible matter is constituted of water and inorganic ash.[7]These
water can be either free moisture or inherent moisture. Free or surface moisture is the
one to adhere to the outer surface of the fuel, which is evaporated when drying at room
temperature, while the inherent or air-dried moisture is bound in the capillaries inside
the grain. This last one only evaporates when heating to 105◦C, remaining then just the
dry coal. When only the dry coal remains, heating the sample to 900◦C the volatiles are
released. The remaining matter is the char. The combustible fraction of this char is called
fixed carbon, while the incombustible part is just ash. [5]
The ash content of a coal is determined through the residue left over after burning the
sample. This is not equal to the initial mineral matter content because ash is only the
mineral matter residue from combustion. This mineral matter can include inherent min-
eral matter spread through the seam as well as foreign mineral matter from the extern
parts of the seam.[5]Every coal has mineral inclusions and admixtures. These may have
been either formed simultaneously to the coal, syngeneic rocks, or introduced through
fissures, epigenetic formations, or derived from plant matter, organic ash.[7]
The composition of the coal can be displayed in various forms depending on the sub-
stances to be noted as it can be seen in the figure:
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Figure 3.3: Coal composition, proximate and ultimate analysis. [5]
The raw material can be simply divided into combustible organic substance and inert
material which is made up of mineral matter and water. This mineral content, neverthe-
less requires rather sophisticated methods to be determined. One first approach is the
proximate analysis which includes the determination of the total moisture, the air-dried
moisture, the volatile matter, the fixed carbon and the ash.This analysis reports moisture
in two categories: total and air-dried, as it will be explained later on.[5]
After the sample is dried, all the moisture has evaporated, the sample reaches higher
temperatures at which volatiles escape and the substance remaining is called char. The
combustible fraction of the char is denominated fixed carbon (fixed C)and the incom-
bustible fraction is called ash. The content of fixed C is not the same as the C content
of the fuel which includes not only the fixed carbon but also the carbon in the volatile
matter. The ash content is determined through the residue left over after burning the
sample.[5]
On the other hand, the ultimate analysis determines the contents of carbon, moisture,
nitrogen, sulphur and chlorine. This elemental composition is essential when it comes
to calculations of the stoichiometric oxygen demand, the quantity of the flue gas and its
composition. The abbreviation d.a.f refers to dry ash-free, and it is noteworthy that the
difference in the balance between the sum of the contents of the ultimate analysis and the
total dry ash-free weitght is usually assumed to be oxygen. [5]
3.3 Process of coal combustion
In every combustion process, the aim is to release energy which is chemically bound in the
fuel by oxidation and transform it into heat.[5] This is, during the oxidation the chem-
ical compounds between the fuel and the oxidant gas reorganise and generate thermal
energy.[7] The combustion process is fragmented into several steps. In the first stages of
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the heating the moisture is released, this step is known as drying. Later on, with higher
temperatures the pyrolysis and gasification take place, and when the ignition temperature
is reached comes ignition. Eventually, the combustion of volatiles and of the residual char
finalise the combustion process.[7]
The first three steps are a thermal decomposition due to the heating up of the coal. The
heat necessary to ignite is transferred mainly by convection. In the last two, on the con-
trary, the organic matter is converted chemically which can be an homogeneous or an
heterogeneous reaction.[5] Firstly, solid combustion appears to be much similar to liquid
combustion. In fact, during the heating gas-volatiles are formed when a temperature
is reached, and afterwards, these volatile compounds ignite just as in gas combustion.
Nonetheless, there is a subtle variation to liquid combustion when a fraction of the solid
combustible does not vaporize.In the event of this happening, carbon can be oxidized to
CO, O2 or even CO2. Coal is an heterogeneous chemical compound made up of a mixture
of hydrocarbon compounds whose structure remains undisclosed.[9]
3.3.1 Heating of particle, moisture release
Hard coals present a moisture percent between 1 and 23% while brown coals contain be-
tween 30 and 60%. Nevertheless, it is to be said that the quantity of moisture is not
always proportional to the maturity rank.[7] As mentioned before, moisture can be free
or inherent. This is, water can adhere to the surface of the particle as well as to the pores
inside the coal. As long as the coal gets heated up in the furnace, the moisture starts to
vaporise at temperatures above 100◦C. Further on, with temperatures higher than 300◦C,
the vaporised inherent moisture begins to be desorbed.[5]
3.3.2 Pyrolysis, devolatilisation
Pyrolysis is defined as the decomposition of the organic coal during the heating and the
consequent gaseous products formation.[5] Also, devolatilization, is defined as the process
in which coal is transformed at high temperatures to produce gases, tar and char.[10]
The important thing to remember about pyrolysis is that it is the thermal destruction of
organic materials in the absence of oxygen, only by action of heat. [11]
This pyrolysis or devolatilisation consists of a series of chemical reactions which produce
the degradation of the organic coal substance and the partial elimination of the volatiles
of the coal. It is not yet clear, whether this process is merely produced by diffusion or
driven by a more complicated process. On the other hand, it is not unwise to state that
the intensity of the process is heavily dependent on temperature.[7] In fact, it is com-
monly accepted that coal pyrolysis occurs over temperatures of 400◦C and in this process
the separation into coke, tar and volatile compounds can be observed. Generally, it is
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accepted that pyrolysis involves the evolution of low weight molecular compounds at tem-
peratures between 300 and 500 ◦C. These compounds are mainly tars and non-condensible
gases. Normally, pyrolysis residue, denominated char, represents a fraction between 55
and 70% of original coal.[12] Moreover, it is thoght that pyrolysis is a process governed
by physicochemical processes, for example shrinking and swelling of coal particles and
transport processes along the coal surface.[9]
Based upon the literature above, the fraction of volatiles relies upon the carbon content of
the coal, the temperature of decarbonisation and the heating speed. On the contrary the
amount of volatiles to be released depends on the coal type, the particle size and the heat-
ing temperature and speed as well. Higher the coalification level, then lower the volatiles
content and therefore, lower the intensity of the ignition.[7] These volatiles are formed by
the separation of functional groups into compounds such as CH4, H2, CO, HCN , etc.
This chemical bond fracture leads to fragment which can later rearrange(cross-linking)
and react to form tar. Simultaneously, the chemical processes are followed by volatile
compound diffusion to the coal’s surface. At this point, they evaporate and burn. These
volatiles formed during pyrolysis burn in gas-phase.[9]
By means of cracking of compounds of organic coal structures, the devolatilisation of
volatile matter begins with temperatures higher than 300◦C. Up to temperatures of 400◦C
the particle form remains unaltered, above this temperature the particle begins to soften.
Nonetheless, reaching temperatures above 600◦C begins the formation of tars and gaseous
products. Slightly above temperatures of 550◦C the swelling of the particle due to the
emergence of these substances is appreciable.
Moreover, tars are complex compounds, whose organic structure is akin to basic fuels.
These evaporate from the coal substance between 500 and 600◦C.[5] Indeed, tars are de-
fined as the substances that can condense at room-temperature which are formed during
coal devolatilisation.[10] The particle starts solidifying into semi-char, which is called in
such a way when it has a cavity and porous structure. When heated beyond 600◦C it turns
into char. During this process carbon dioxide and hydrogen among others are released and
even with higher temperatures light gas components, more hydrogen and carbon dioxide
as well as soot form from the tar compounds. The devolatilisation of the components gets
close to its maximum with higher temperetures as the heating rate and the coalification
degree increase. Before ignition begins, namely, below the ignition temperature, the heat
produced by the oxidation of the fuel is dissipated to the surroundings, which leads to an
unremarkable rise in the temperature. [5]
3.3.3 Gasification
Gasification is a form of pyrolysis, carried out at high temperatures in order to optimise
the gas production.[11] In the char gasification process, char reacts with gasifying agents
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to produce a combustible gas, this is, it is a solid-gas reaction. This process is much
slower than pyrolysis and therefore gasification is regarded to be the rate-determining
process.[13] During char gasification, the following chemical reactions may be considered:
Firstly the Boudouard reaction:
C + CO2 ↔ 2 · CO ∆H = +159, 7[kJ/mol] (3.1)
C +H2O ↔ CO +H2 ∆H = +118.9[kJ/mol] (3.2)
C +O2 ↔ CO2 ∆H = −405.9[kJ/mol] (3.3)
C + 2 ·H2 ↔ CH4 ∆H = −87.4[kJ/mol] (3.4)
Reactions 3.1 and 3.2 are endothermic and are considered to be the most important reac-
tions regarding the gasification process. Reaction 3.3 is an oxidation which provides the
needed energy for the reactions 3.1 and 3.2 to occur. During the gasification process the
char loses mass.[12]
3.3.4 Ignition
The definition of ignition reads as follows: Temperature above which combustion evolves
independently. Merely above this temperature does the reaction speed reach a state where
the amount of heat released is greater than the heat dissipated to the environment. There-
fore the reaction is sped up and a stable combustion can be sustained. [5]
The ignition of the volatiles is only feasible when the ignition temperature is reached and
the volatiles concentration is greater than the values needed for a gas firing.[7] In solid
fuels combustions both the volatiles and the residual char have to ignite. This is to say
that, not only the ignition temperature has to be reached, but also a combustible mixture,
with sufficient volatiles concentration and sufficient oxygen in the residual char’s surface,
has to be formed in order to ignite.[5]
The temperature of ignition is usually between 500 and 700◦C when concerning a com-
bustible mixture of volatile matter and air, and above 800◦C when concerning the combus-
tion of residual char. This ignition temperature, when concerning solid fuel combustion,
depends on the fuel characteristics (ash, volatile matter and moisture contents) , the phys-
ical structure of the particle (size, inner surface of the coal) and the combustion conditions
of the firing system (heating rate, gas concentrations, dust...).[5]
Ignition processes mainly depend on the heating rate and the size of the particles regard-
ing coal combustion.[5] Three different ignition mechanisms can be recognised:
IGNITION MECHANISM I: When the heating is really slow and the coal particles are
coarse, volatiles are first released and then they ignite in the near-particle area to end
up burning out. This devolatilisation and combustion of volatile matter result in a gas
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atmosphere with large particles. This prevents the oxygen diffusion to the particle, so it
will only be able to ignite after the volatiles have burned up.[5]
IGNITION MECHANISM II: When the heating rates are higher but the particles are
still coarse a simultaneous ignition of volatiles and residual char is encouraged. Currently,
pyrolysis reactions are shifting towards higher temperatures, this way the ignition of the
particle is possible even before all the gases are completely burned.[5]
IGNITION MECHANISM III: In the event of small particles, ignition occurs directly
at the surface of the particle. Due to the great surface/volume ratio, the particles are
quickly heated up and he ignition temperature is reached even befor an ignitable mixture
is formed around the particle.[5]
The ignition velocity or velocity of flame propagation is clearly dependent on the content
of volatiles, the ash content and the primary air mixture when regarding hard coal flame.
This velocity always reaches a maximum depending on the fraction of the primary air
mixture. With low air ratios the oxygen is not sufficient to ignite the volatiles in the
near-burner zone. At higher air ratios, the air which is not needed for the combustion of
the volatiles decreases the flame temperature.[5]
The ignition velocity is a critical parameter. In the first place, the throat velocity has
to be considerably higher than the ignition velocity in order to prevent the flame form
flashing back. Moreover, areas where the flow velocity is equal to the ignition velocity
have to be created to ensure a stable flame front.[5]
3.3.5 Combustion of volatile matter
The combustion of volatiles, homogeneous reaction, is characterised by a high velocity
of reaction and a burning time determined by the mixing rate of the volatiles with the
air.[5] The combustion of volatiles gets stable when moving by diffusion to areas with a
stoichiometric concentration of volatiles and oxygen. The flame which surrounds a parti-
cle has between 3 and 5 times the diameter of the particle.[7] When the coal is pulverised,
the volatiles combine so it can be considered a coherent gas flame.[5]
3.3.6 Char oxidation- Combustion of residual char
When the volatile matter has already been released from the particle, the remaining
structure is porous and consists of carbon and ash. As the carbon reaches a high surface
temperature it is oxidised by oxygen carbon monoxide, carbon dioxide and water vapour.
Meanwhile, the combustion of the solid residual char with oxygen, heterogeneous reac-
tion, occurs at the same temperature. This reaction velocity is orders of magnitude lower
thant the homogeneous volatile matter combustion. Therefore, residual char determines
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the total combustion time and is crucial for the firing system design.[5]
Currently it is only considered proven that at the surface only a conversion to carbon
monoxide takes place.[7] In the surroundings of the particle there is a gaseous atmo-
sphere with the reaction products (CO,H2) and the oxidants (O2, CO2and H2O). This
substances have to diffuse through a laminar boundary layer so that oxidants reach the
particle surface.
To conclude, here it is presented a figure to describe the whole combustion process of coal.
Figure 3.4: Schematic drawing of the combustion process in pulverised fuel firing.[5]
3.4 Sulphur in coal
Sulphur is a necessary element for the sustenance of all living systems. It is therefore
not surprising that sulphur is found in abundance in coal, a rock composed primarily of
decomposed organic matter.[14] Almost every coal contains sulphur of some form which
can vary from 0.2% to more than 10%. In freshly mined coals, most of the sulphur is in
the form of pyrite (FeS2).[1] The major fraction of this sulphur is converted into sulphur
dioxide, SO2, during combustion. As a consequence, and regarding a sulphur to SO2 con-
version rate of 90%, in a hard coal with a 1% of sulphur content, there would be a SO2
emission level of 1.6−1.7 ( g
m3
)
.[5] It is to be remembered that the extent of organic sulphur
removal in the pyrolysis does not always correlate well with carbon content of raw coal.[15]
Regarding the origin of the sulphur in coal, the sulphur compounds in coal might have been
derived from various different ways, mostly they depend on the peatification process.[16]
These are summarised hereafter:
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• Organic sulphur compounds originally present in plants are finally converted into
coal. Small amounts of organic sulphur compounds found in vegetable debris are
gradually concentrated in the coal substance.
• The soil on which the plants grew might have been rich in sulphur salts and sulphur
segregating bacteria and the plants might have, thus, obtained a sufficient supply of
sulphur compounds before becoming peat. The remains of sulphur bacteria might
have given rise to sulphates in the soil.
• Once the plant matter was deposited in the marine and estuarine waters, this matter
was subjected to processes of putrefaction and coalification and biochemical changes
started. Under favourable conditions, the activity of micro-organisms and these
biochemical changes, may have formed various sulphur compounds.
There are different forms in which sulphur can exist in the coal:
• Organic sulphur bound in the organic coal structure
• Sulphides, which originate from the mineral impurities such as pyrite (iron sulphide,
Fe2S) or marcasite.
• Sulphates, which appear in younger hard coals and brown coals (CaSO4, NaSO4).
• Elemental sulphur
The first classification is to split the sulphur in coal into inorganic and organic forms.
The inorganic forms are usually sulphides and sulphates, with pyrite the major inorganic
sulphur contaminant in most coals.[17] Sulphate sulphur is generally of only minor im-
portance in fresh coal samples, and rarely appears in significant amounts.[14] Pyrite, on
the other hand, is the dominant sulphide material found in coal, although marcasite has
also been found to be dominant in some coals of lower rank. Pyrite and marcasite are
dimorphs. This means they are minerals with identical chemical composition but differ
in their crystalline form. Pyrite is cubic whilst marcasite is orthorhombic.[14]
The organic sulphur structures are mainly parts of macromolecular structures contained
in the coal.[17]The organic sulphur is present in coal as thiopene and non-thiophene forms
mainly. Non-thiophene sulphur occurs in form of aliphatic and aromatic ethers and disul-
phides. Non-thiophen sulphur appears mainly in low rank coals whereas with a rising rank
of coal the thiophene sulphur fraction increases.[18] Enclosed in the term non-thiophene
sulphur species aliphatic sulphur and aromatic sulphur can be found.
Aliphatic sulphur is sulphur in the aliphatic chain which may have cyclic and aliphatic
sulphides. Aromatic sulphur are species which are cyclic and more stable due to the dou-
ble bonds they possess. Lastly thiophenic sulphur is a heterocyclic compound with the
formula C4H4S which is a flat aromatic ring of five members. The following figure shows
the representation of these organic species.
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Figure 3.5: Organic sulphur species.[19]
The presence of sulphur in the coal which generates pollutant emissions makes the power
plant require additional emission control measures or cleaning. Furthermore, pyrite
is known to catalyse coal reactions, including oxidation, gasification and liquefaction
processes.[1] A number of environmental issues arise due to the presence of sulphur in
fossil fuel resources. Among this problems there are air pollution, acid rain, and the
material corrosion caused by release of SOX to the atmosphere during power generation
coal combustion.[20]
A large part of the sulphur contained in the coal is released during the pyrolysis stage. Sul-
phur contained in coal affects the transformation of organic carbonaceous matter during
the pyrolysis process stage. This effect depends on the sulphur compounds, their con-
centration and content of coal mineral matter. In fact, mineral matter activates sulphur
compounds in reactions of coal transformations. Pyrolysis of coal leads to distribution of
sulphur compounds in gas, char and tar.[18]
3.5 Chlorine in coal
In average, the contents of chlorine in hard and brown coals are respectively between 300-
380 and 100-140 [ppm], while the average chlorine content on an ash basis is 1435[ppm].
Aside from normal coals with average Cl contents, there are saline coals, strongly en-
riched in chlorine, up to 1 wt% and more.[21]
Chlorine may appear in coal in different forms:
• Mineral chlorine, mostly NaCl. It comprises between 70 and 80% of the total chlo-
rine.
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• Mineral chlorine existing in oxy-chloride form. It is not present in all coals.
• Sorbed chlorine
• Organic chlorine. It comprises 0.5 to 25% of the total chlorine.
During pyrolysis several species appear, such as HCl, NH3, COS, SO2, H2S, CH4, C2H4
or C3H6. It can be appreciated that as a significant amount of water is released during
pyrolysis, the HCl gas could be disolved in the water and condensed afterwards. Indeed,
HCl is the most common chlorine species to appear.[22] It is known that Cl may cause
corrosion problems during utilisation if its concentration exceeds 0.25 wt% of the coal.
Despite this general awareness of the issues chlorine may cause, there remain many ques-
tions to be answered about the emergence of chlorine in coal.[23]
3.6 Oxy-fuel conditions
Oxy-fuel firing refers to the burning of a fuel which contains carbon with pure oxygen
or a mixture of rich CO2 recycled flue gas and pure oxygen as oxidiser instead of air.
As this method eliminates nitrogen from the comburent, the result is a flue gas mixture
comprising mainly carbon dioxide and water as the main components. This flue gas, when
water vapour is eliminated through cooling to condense it, contains between 80 and 98%
of carbon dioxide, depending on the type of fuel, the oxygen purity and the specific oxy-
fuel process. Impurities, such as SOx, NOx, HCl, or Hg, and CO2 derive from the fuel,
while gas components like nitrogen, argon and oxygen come from the oxygen introduced
in the system or from air leckage.[5]
Oxy-fuel combustion can lead to flame temperatures above 3000◦C, far to high for usual
power plant materials. Moreover, such high temperatures would volatilise a significant
part of the ash resulting in heavy incrustations in the power plant’s convective heating
surfaces. Indeed, the combustion temperature should not exceed 1500-1800◦C. Reaching
combustion temperatures similar to those in combustion with air is sought after. One of
the methods to reduce this high temperatures is to recirculate flue gas. Cool flue gas is
extracted before (wet circulation-150◦C) or after vapour condensation (dry recirculation-
50◦C) and recirculated to the furnace. This high volumetric flow transport implies an
increase in the dimensions of the plant and the requirement of an auxiliary power for the
recirculation fan.[5]
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Figure 3.6: Representation of the mass flow under oxy-fuel conditions
The recirculation of the flue gas is, however, undertaken before the desulphurisation sys-
tem because after this system the flue gas would have too low temperatures. Heating
again this flue gas until it reached the combustion temperatures would imply a high
energy penalty. As a result, the gas in the combustion chamber has a high content of
sulphur. This is the reason for the great significance of sulphur research when regarding
pyrolysis under oxy-fuel conditions.
Generally the oxygen comes from a separation plant which provides it. This air separation
is the key step in oxy-fuel combustion. Currently, methods of oxygen production by
separating it from air are cryogenic distillation, adsorption using multi-bed pressure swing
units and polymeric membranes.[5]
• Cryogenic distillation: It is similar to ordinary distillation, though the process takes
place at extremely low temperatures. This is required to separate air, for instance,
in oxygen and nitrogen because only at low temperatures will these components
become liquid and therefore potentially separable in the column. In air distillation
as nitrogen is the most volatile component, it will be present in high concentration
in the top of the column.[24]
• Adsorption using multi bed swing units: Vacuum Pressure Swing Adsorption(VPSA).
VPSA is a cyclic process where some components from a multicomponent gas mix-
ture are selectively retained in a porous material.[25]
• Polymeric membranes: For common gases the permeability coefficient is the product
of the diffusion coefficient and the solubility constant. This permeability through
polymers is dependent upon the gas-polymer combination. Membrane separation
does not generally reach the purity levels of the other separation methods or the
volume advantage. However, membranes offer lower energy costs and simplicity of
operation at low volume.[26]
The nitrogen normally present in the flue gas from combustion with air is removed in the
air separation unit prior to combustion. Thereupon, the flue gas in oxy-fuel combustion
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is essentially composed of CO2, and water vapour. Even if the circulation of the flue
gas was increased, its composition would not change because the recirculated flue gas is
not involved in the combustion process, and therefore, the products are still the same.
An exception is the recirculation of dry flue gas, where water vapour is condensed and
extracted. [5]
3.7 CCS
The emission of CO2 into the atmosphere due to the combustion of large quantities of
fossil fuels has emerged as a significant environmental problem. The issue’s solution will
only be achieved by a combination of energy efficiency strategies and the use of biofuels
as well as renewable sources for energy production. One suggested combination to protect
the environment and at the same time have a secure energy supply can be achieved by
using fossil fuels and afterwards capturing and storing the produced CO2 in safe geolog-
ical formations. This process is the so-called Carbon dioxide capture and storage, CCS.[25]
There are several methods that can be employed to remove carbon dioxide from the indus-
trial streams, such as adsorption, absorption, membranes, cryogenic separations, etc.[25]
All of these procedures require additional energy. For instance, in the event of using vac-
uum pressure swing adsorption (VPSA), since the CO2 capture process should be used in
already existing power plants, it is necessary a slight increase in the introduced pressure
to overcome the pressure drop the capture process produces. For this reason, in the final
accounting of the energy consumption, the energy consumption of a fan to increase the
pressure of the feed pressure should be included.[25]
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Chapter 4
SIMULATION MODEL
In this section the first steps into the creation of the model, and then the production of
it are presented. Firstly, research was done about chemical kinetics, pyrolysis models in
the literature and pyrolysis techniques with which experiments are carried out. Once this
information was gathered, the model was created.
4.1 Chemical kinetics
The so-called rate law shall be discussed for a chemical reaction, within its general case
can be described:
A+B + C → D + E + F (4.1)
where A B C denote different species involved in the reaction. A rate law describes an
empirical formulation of the reaction rate, the rate of formation or of consumption of a
species in a reaction. Looking at the consumption of a species, A, the reaction rate can
be expressed as:
d[A]
dt
= k · Aa ·Bb... (4.2)
Here a, b c are reaction orders and k is the rate coefficient of the reaction.[9]
It is characteristic of chemical reactions that their rate coefficients depend strongly in a
non-linear way on the temperature.[9] The influence of temperature on the reaction rate
of chemical reactions has usually been interpreted in what is denominated the Arrhenius
equation. Accordingly, the reaction rate will be the product of a pre-exponential factor
A and an exponential term, where R is the gas constant
(
8.314
[
J
mol·K
])
and Ea is the
activation energy.[27]
k = A · e(− ERT ) (4.3)
More recently, accurate measurements showed a temperature dependence of the pre-
exponential factor, A. The activation energy, Ea, corresponds to an energy barrier to
overcome during the reaction. Its maximum value corresponds to the bond energies in
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the molecule.[9]
k = α · T · A · e(− ERT ) (4.4)
Although the Arrhenius equation 4.3 in homogeneous kinetics requires no justification
and the values of the pre-exponential factor A and the activation energy Ea have been
reported for countless chemical reactions doubts could be expressed for its application
when chemical changes occur in solid state.[28] Nevertheless, several studies have proved
its workability even in solid state. Therefore, in this thesis it will be assumed to be en-
forceable and the reaction coefficients will be calculated based on it.
Returning to the subject of the reaction rates, the equation 4.2 shown above is the more
simplistic way to describe the reaction rate with regards to chemical kinetics. However,
in the literature other rate models can be found. For instance, the reference [29] describes
that a general kinetic expression, canonical equation, for the overall reaction rate in gas-
solid reactions is written as follows:
dX
dt
= k · f(X) (4.5)
Where X represents the char conversion, dX
dt
the reaction rate and f(X) describes the
changes in the physical or chemical properties of the sample as the gasification pro-
ceeds.ThisX can also be seen as α and termed extent of reaction or degree of conversion.[30]
With these assumption, there are several models to assess the reaction rate of a chemi-
cal reaction. In particular the reference [29] introduces the Volumetric Model (VM), the
Grain Model (GM) and the Random Pore Model (RPM) described here below:
Volumetric model:
dX
dt
= k · (1−X) (4.6)
Grain model:
dX
dt
= k · (1−X) 23 (4.7)
Random pore model:
dX
dt
= k · (1−X)
√
1− ψ · ln(1−X) (4.8)
Where ψ is a parameter related to the pore structure of the unreacted sample (X= 0)
which is assessed as follows:
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ψ =
4piL0 · (1− ε0)
S20
(4.9)
In this equation L0, S0 and ε0 denote the pore length, the surface area and the coal
porosity for the initial conditions (t=0).
Some other more complex rate models can be found in the literature but these require
empirical constants such as a and b in the following example of the Modified Volumetric
Model.
dX
dt
= a
1
b · b · (1−X)[−ln(X)] (b−1)b (4.10)
In pursuit of the most accurate model, many reaction rate models have to be experimented
in order to see which one fits better the species that are treated in the model in question.
The volumetric model assumes a homogeneous reaction throughout the particle and a
linearly decreasing reaction surface area with conversion, while the grain model assumes
that a porous paticle consists of uniform non-porous grains and the reaction takes place
on the surface of these. Finally, the random pore model assumes an overlapping of pore
surfaces, which reduces the area available for reaction. The three of them suit the coal’s
morfology for different steps of pyrolysis but, the grain model and the random pore model
are too specific and therefore it is considered in this thesis that the volumetric model suits
best coal’s morfology along all the stages of coal pyrolysis as it is a more general model
and empirical coefficients can not be obtained.[29]
4.2 Pyrolysis models
The models which were researched are known to include different ideas for the coal pyrol-
ysis process understanding. Regardless, the three of them are known to assess properly
coal pyrolysis. These models are:
• FG-DVC
• Flaschain
• CPD
and will be developed hereafter.
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4.2.1 FG-DVC
The FG-DVC model is a model which arises from the combination of two previous models,
the FG which concerns functional group models and species’ evolution, and a statistical
model, the DVC, which refers to depolymerisation-vaporisation-crosslinking, this is, tar
formation. In other words, the FG subroutine is employed to describe the evolution of the
gas into different functional group compositons of tar and char. On the other hand, the
DVC subroutine is used to assess the tar’s yield and the molecular weight distribution of
char and tar.[10]
This tar formation includes depolymerisation by break of weaker bridges in the coal
molecule, cross-linking or re-polymerisation, external transport of lighter molecules far
from the coal’s surface by vaporisation and gas diffusion, internal transport of lighter par-
ticles to the coal’s surface by convection and diffusion in the pores. While gas formation
is frequently linked to thermal decomposition of specific functional groups, which makes
it easily predictable with accuracy just by using first-order reactions with ultimate yields,
tar and char formation are, on the contrary, more difficult to predict.[10]
Tar is a mainly volatile substance and its yields differ considerably depending on reactor
conditions such as pressure, heating rate, particle size or final temperature. During com-
bustion, tar often has high yields, therefore tar dominates flame stability and ignition.
Its formation process is related to the viscosity of the char and its consistent physical
and chemical structure. The char formation comes from the unreleased or recondensed
fragments of this tar.[10]
The pyrolysis behaviour prediction requires coal compositon and reactor parameters. The
FG-DVC model predicts properties as a function of time, such as molecular weight dis-
tribution for tar and char and functional group composition and for gas the yields of the
individual light gas species.[10]
The figure above represents the raw coal, the tar formation and the formation of light
hydrocarbons during the primary pyrolysis, the char condensation and the cross-linking
during the secondary pyrolysis. As it is shown in the figure, coal consists of aromatic and
hydroaromatic aggregates connected together by aliphatic bridges. During pyrolysis, the
weakest bridges break producing smaller particles, fragments (depolymerisation). These
fragments remove the hydrogen from the hydroaromatics or aliphatics. This way, the aro-
matic hydrogen concentration is increased. With these fragments tar should be created
in case they are small enought to vaporise under pyrolysis conditions. The two lightest
fragments are labeled tar, whilst the other two appear to have repolymerised and have
produced a too large molecule to vaporise. [10]
Moreover, during primary pyrolysis the decomposition of functional groups to release CO2
aliphatic gases, CH4 and H2O also occurs. The release of these substances may produce
cross-linking, CH4 by substituting the methyl group (−CH3), CO2 by condensation when
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H
Figure 4.1: Hypothetical coal molecule during stages of pyrolysis. Adapted from [31]
a carboxyl is subtracted and H2O by condensation of two OH groups. [10]
This model understands there are 6 processes occurring in every coal pyrolysis. In the
first place, the depolymerisation and hydrogen consumption occurs. The second process
would be the cross-linking, by which some species come up together again. Later on,
come the external transport and the internal transport, both towards or far away from
the coal’s surface. Finally, the last processes would be tar and char formation.[10]
4.2.2 Flashchain
The Flashchain theory gives a new model of coal’s chemical constitution. This model
presents a four-step reaction mechanism and the flash distillation analogy to explain
various coal type devolatilisations. The model divides the elements into four pseudo-
components using the ultimate analysis and the carbon’s aromaticity. It is remarkable
that no functional groups appear in the model. The theory’s main assumption is that the
division of the elements among aliphatic, heteroatomic and aromatic components deter-
mines the devolatilisation behaviour of any coal type. All aliphatic and oxygen bridges
comprise functionalities in the coal and are the key reaction centers.[32]
The following are the four steps of the reaction mechanims. The first step describes the
phenomenological bases, the formulation of the rate equations and assigns the parameters
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of the model. Steps 2 and 3 perform evaluations. Precisely, in step 2 the broad ranges of
temperature, time, heating rate, particle size and pressure are evaluated, while in step 3
it is stated that the Flashchain theory represents all of the continuous trends in the yield
structure form different types of coals.[32]
Precedent of the Flashchain model are the Dischain from Niksa and Kerstein, which fo-
cused on the qualitative impact of macromolecular configuration, the Disaray model,
which includes simplified kinetic mechanisms and time evolution for chain statistics,
and Flashtwo, which introduces the flash distillation analogy to express the pressure
dependence.[32]
4.2.3 CPD
Percolation theory describes the distribution in size of finite clusters joined by bridges
but isolated from the others with broken bridges. The theory specifies a critical bridge
population above which infinite arrays coexist with clusters of finite size. It can be re-
garded as simple to adapt the structural characteristics of this percolation theory to char
and tar obtained in coals during pyrolysis.[33]
The CPD model which stands for chemical percolation devolatilisation, visualises coal as
macromolecular arrays of aromatic rings of different types and sizes, as well as heteroaro-
matic systems with nitrogen and oxygen atoms. These molecular clusters are connected
to a variety of chemical bridges, some of them have weak bonds that will break during
coal pyrolysis and others have stronger bridges that will be stable at a given temperature.
This bridges that stay stable throughout the process are denominated charred briges.
Clearly, the stability of the bridges depends on the pyrolysis temperature and the kinetic
parameters of the bridge.[33]
This model previously developed to describe the devolatilisation behaviour of rapidly
heated coal was based on the chemical structure of the parent coal, the coal the sam-
ple comes from. Some of the input parameters for this model are obtained from nuclear
magnetic resonance (NMR) characterisations of the parent coal. Percolation statistics are
used to describe the probabilitiy of generating finite tar fragments from the infinite matrix
while aliphatic bonds are connecting and aromatic bridges are being broken. Pyrolysis
yields of tar, char, and gas can be described by using a single set of kinetic parameters.
This is, only chemical structure parameters are changed for different coals. [34]
4.3 Pyrolysis techniques
For any pyrolysis experiments, it is common to use a temperature programmed pyrolysis
and the thermo-gravimetric analysis to write down the data. However, there are different
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reactors where this pyrolysis can be carried out. Between them the ones appearing in the
experiments listed in the results section are the following:
• Fixed bed reactor
• Fluidised bed reactor
• Curie-point pyrolyser
• Wire mesh pyrolysis
All of them procure pyrolysis temperatures by different methods so they differ in the
heating rates they achieve. For example, Curie-point pyrolysers provide fast heating at
constant temperature. They are often used for industrial applications such as investiga-
tions of thermal stability, microstructure and thermal decomposition mechanisms, per-
fectly suitable for pyrolysis. The samples are weighed and wrapped in a ferromagnetic
foil and placed in the pyrolyser. The temperature is increased by induction heating to the
Curie-point of the foil, temperature at which the foil loses its magnetism. These pyrolysis
foils are available for a range of temperatures between 160 to 1040◦C.[35] On the other
hand, fluidised bed reactors are a well-developed technology which can provide a heating
rate of more than 103[K/s] which is defined as fast pyrolysis.[36] A representation of a
fluidised bed system is displayed hereafter:
Figure 4.2: Schematic diagram of the fluidised bed system for fast pyrolysis of biomass. 1.Ni-
trogen, 2.Rotameter, 3.Gas pre-heater; 4&9. Temperature controllers, 5.K type thermocouple,
6.Electrical furnace, 7. Fluidized bed reactor, 8. Feed hopper, 10.Ceramic filter, 11& 12&
13.Condensers, 14.Cotton wool filter, 15.Silica gel filter, 16.Accumulative flowmeter, 17.Gas-
collecting bag.[36]
Furthermore, as it is customary, many studies on coal pyrolysis use thermal desulphuri-
sation or demineralisation in order to have a larger variety of samples’ composition to
compare. This process can produce a clean solid fuel from high sulphur coals, unfortu-
nately, sulphur removal remains between 15 and 40% during pyrolysis. The extent of the
desulphurisation process is dependent on the pyrolysis conditions, the quantity of sulphur
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and the distribution of sulphur in different species.[37]
To achieve this demineralisation the samples are introduced mixed with different volumes
of acid.[38] This acids may vary but the most common ones to use are sulphuric acid,
H2SO4, hydrochloric acid, HCl, hydrofluoric acid, HF and nitric acid, HNO3.
4.4 The thesis’ model
Throughout this section the methodology to produce the predictive simulation model and
its final output will be discussed. The first steps of research, the usage of experimental
data of other models, and the final production of the model will lead to the model’s struc-
ture and its mode of use.
It is undisputable the fact that, mathematical models need an accurate description of
chemical kinetics and transport phenomena. The greater challenge for any kinetic model
of coal pyrolysis is the ability to forecast the behaviour of a large variety of coals with dif-
ferent compositions, in a wide range of experimental conditions and with different heating
rates.[2]
The first attempt to create a simulation model was with regards to the studies of Stig Lars-
son in Computational Mathematics from the Chalmers University of Technology. These
studies presented a simple exam of reaction kinetics where the production or decompo-
sition of a substance depended merely on the reaction rate. In this case, the example of
the NO2 production was used as following:
2NO +O2
k→ 2NO2 (4.11)
dt[NO2]
dt
= 2k[NO]2[O2] (4.12)
Step 1:
2NO
k11−−⇀↽−
k12
N2O2 (4.13)
Step 2:
N2O2 +O2
k22−−⇀↽−
k21
2[NO2] (4.14)
In which the reaction rates for the equations and the consequent formation rates would
be the following:
r11 = k11[NO]
2 (4.15)
28 Escuela Te´cnica Superior de Ingenieros Industriales (UPM)
Modelling sulfur and chlorine release during coal pyrolysis under oxy-fuel conditions
r12 = k12[N2O2] (4.16)
r21 = k21[N2O2][O2] (4.17)
r22 = k22[NO2]
2 (4.18)
d[NO]
dt
= −2r11 + 2r22 (4.19)
d[O2]
dt
= −r21 + r22 (4.20)
d[N2O2]
dt
= r11 − r12 − r21 + r22 (4.21)
d[NO2]
dt
= 2r21 − 2r22 (4.22)
As it can be appreciated, the reaction rates were calculated based upon the rate law,
which was commented in the previous section of chemichal kinetics. For the example
stated above the assessment of the reaction rates can be seen as very simple.
Nevertheless, this method resulted to be far too complex in order to include all the species
and reactions intervening in the sulphur release during coal pyrolysis. Indeed, not only
the number of species, but the co-relations the species have between one another increases
highly the difficulty of its assesment.
It was observed that although a large number papers in the literature related their results
to kinetic models, no information was given about these. Therefore the model had to be
created at the outset. Luckily, a model of sulphur release was found in the literature, A
predictive kinetic model of sulphur release from coal [19], and this model’s data
was taken as a reference to produce the model for this thesis.
The description of coal pyrolysis first requires the characterisation of the initial struc-
ture of the sulphur contained in the coal.[2] The data extracted from this model were
the sulphur species appearing in coal pyrolysis, the reactions between them, and the ex-
perimental data of this reactions, this is, the pre-exponential factors and the activation
energies. These species are the ones listed hereafter:
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Number Species Abbreviation
1 Aliphatic sulphur SAl
2 Aromatic sulphur SAro
3 Thiophenic sulphur SThio
4 Pyritic sulphur SPyr
5 Sulphatic sulphur SS
6 Sulphur char SChar
7 Inorganic sulphur char SChar−ing
8 Iron sulphide FeS
9 sulphur tar in the metaplast phase STar
∗
10 Hydrogen sulphide in the metaplast phase H2S
∗
11 Sulphur gas in the metaplast phase SGas
∗
12 Sulphur tar STar
13 Hydrogen sulphide H2S
14 Sulphur gas SGas
15 Iron Fe
16 Sulphur trioxide SO3
The model from the reference [19] described 17 different species appearing in coal pyroly-
sis, from which one of them was erased. Organic sulphur was taken out of the species list,
because it is indeed the sum of three species already listed and the addition of it would
be confusing when calculating the correlation between species. From the remaining 16
species only the first five are the species appearing initially in the coal.
These can be divided into organic and inorganic sulphur. Regarding sulphur coal charac-
terisation, organic sulphur consists of sulphur atoms inside the structure of the carbon.
Enclosed in the term organic sulphur the model defines three main families of organic
sulphur compounds which were described in the sulphur section.
• Aliphatic sulphur
• Aromatic sulphur
• Thiophenic sulphur
On the other hand, inorganic sulphur is not directly bound to it but it is enclosed in
the carbon matrix. [19] Mainly, organic sulphur is made up of pyrite and sulphates of
calcium, iron and barium, and therefore, these would be the two species for inorganic
sulphur: pyritic sulphur and sulphatic sulphur.
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Figure 4.3: Five sulphur species appearing in coal.
These five species, aliphatic, aromatic, thiophenic, sulphatic, and pyritic sulphur are
the ones appearing in the coal which decompose and consequently produce the other 11
species listed above. The model used as referenced described two different mechanisms
which would compete during pyrolysis.
For lower temperatures, or low heating rates, the sulphur species would decompose and
their products would be released into a semi-condensed phase termed the metaplast.
These produced species, marked with a star, H2S
∗, STar∗ and SGas∗, are trapped in the
metaplast phase but are also precursors of the volatiles. At low temperatures, tar com-
ponents can react in the metaplast with cross-linking and reticulation reactions. It is not
until the temperature is high enough that these species are released in the gas phase as
H2S, SGas and STar.
These two mechanisms, displayed down below, can be better appreciated concerning or-
ganic sulphur because inorganic sulphur is normally only released at high temperatures.
Looking closely into the pre-exponential factors and activation energies these two mech-
anisms are strongly differenced.
Indeed, at low temperatures the equations of the second mechanisms do not occur be-
cause of their high activation energies, but once a higher temperature is reached and this
activation energy is overcome the higher pre-exponential factors of the equations of this
second mechanism make them prevail over the equations of the first mechanism.
As for the eleven produced species, all may be clearly understood but the sulphur tar
and sulphur gas. Sulphur tar is a species with tar’s morphology, which was explained
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earlier, containing sulphur. Sulphur gas is a more complex species to explain. Under
this terminology all the sulphur gases which coal pyrolysis produces, except for the ones
already listed as individual species, are comprehended.
Between these, sulphur dioxide, SO2, and carbonyl sulphide, COS, can be found. The
fact of including all these compounds as one gives some accuracy errors to the model, but
it is estimated that all these species interact similarly at the same temperatures so that
they can be assessed as one only species.
Figure 4.4: Visual representation of both mechanisms
Once the coal characterisation was fulfilled the next step was to create the kinetic rela-
tions for the model. The simplest single step decomposition for coal during pyrolysis is
the following:
Coal→ α · Char + (1− α) · V olatiles (4.23)
However multi-step kinetic models underline the complexity of coal pyrolysis and express
the idea that coal is constituted by several chemical species which evolve independently
according to different kinetics.[2]
The reactions chosen to describe this complex process were the equations from the ref-
erence [19], the ones written hereafter, which also include the pre-exponential coefficient,
in [s−1] and the activation energy, in [cal/mol], obtained by experimentation for every
reaction.
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Number Reaction
Reaction 1 SAl → 0.4H2S∗ + 0.2SGas∗ + 0.4SChar
Reaction 2 SAl → 0.6H2S + 0.4SGas
Reaction 3 SAro → 0.2H2S∗ + 0.1SGas∗ + 0.7SChar
Reaction 4 SAro → 0.3H2S + 0.3SGas + 0.4SChar
Reaction 5 SThio → 0.1SGas∗ + 0.9SChar
Reaction 6 SThio → 0.5SGas + 0.5SChar
Reaction 7 SChar + STar
∗ → 0.2H2S∗ + 0.1SGas∗ + 1.7SChar
Reaction 8 SPyr → 0.25H2S + 0.3SChar−ing + 0.45FeS
Reaction 9 FeS → H2S + Fe
Reaction 10 SS → 0.7SO3 + 0.3SChar−ing
Reaction 11 SOrg → STar
Reaction 12 SOrg → STar∗
Reaction 13 STar
∗ → STar
Reaction 14 H2S
∗ → H2S
Reaction 15 SGas
∗ → SGas
Some other equations were given in the model from the reference [19]. These presented the
sulphur distribution according to the carbon fraction. Indeed, some papers, which repro-
duce experiments, found in the literature give the ultimate analysis of the experimental
data specifying the sulphur fraction but do not make a difference between organic and
inorganic sulphur. The solution the model gives is the distribution through the following
three equations:
SIn = 0.54 · STot (4.24)
SPyr = 0.49 · STot (4.25)
SS = 0.05 · STot (4.26)
This would give a relation of inorganic and organic sulphur of 54% and 46% respectively.
More commonly, a great majority of data found in the literature include the distribution
into organic and inorganic sulphur but do not get deeper into distributing the organic
sulphur in the three species we defined. Because of this reason, the model also gave some
equations to distribute the organic sulphur into aliphatic aromatic and thiophenic sulphur
depending on the carbon fraction, wc.
SAl = [0.276− 0.69 · (wc − 0.6)] · STot (4.27)
SAro = [0.184− 0.345 · (wc − 0.6)] · STot (4.28)
SAl = [1.035 · (wc − 0.6)] · STot (4.29)
However, these 6 equations do not give a good approach for every coal. These will be
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used for the validating results in order to try to achieve a similar model to the one of the
reference [19]. On the contrary, in the results section it will be shown how empirically the
organic sulphur distribution was obtained without using these equations.
Besides, as it was commented before, the relation between reaction equations was much
more complex than in the case of the NO2, and therefore another method was sought
after in order to obtain the reaction rates of the equations. The models stated above
prompted the first step to assess the reaction rate. As it was commented earlier, some
rate models were experimented and, as the Volumetric Model was more accurate with
regards to the morphology of coal and other more complex models required empirical
coefficients, the volumetric model was chosen as the basis to create the model but with
particular distinctions.
Instead of following the Volumetric Model as it is described, another naming, changing
X for U , was used, which would look as following:
dU
dt
= k · (1− U) =⇒ U(t) = U(t−1) + dU
dt
(4.30)
In the thesis’ model, this reaction rate would be shaped into a easier and more intuitive
way. For each reaction, except for Reaction 7, just one species is being decomposed.
This means, only the concentration of one species would determine each reaction. Here-
inafter, this species will be called dominant species of the reaction. In the case of the
Reaction 7, two species where considered dominant. Thereby, the concentration of this
dominant species would determine the reaction rate of each chemical reaction, this is to
say that the dominant species is what the reference [29] denominated char conversion, X.
As a result, the thesis’ reaction rate would be the following:
dU
dt
≡ r = k · Udominant (4.31)
In addition, the stoichiometric coefficients of each equation were extracted and written
down as vectors. For instance, for the Reaction One:
coeff(1, :) = [−1 0 0 0 0 0.4 0 0 0 0.4 0.2 0 0 0 0 0]′; (4.32)
More properly, the coefficients would describe a matrix of 19x16 (= ReactionsxSpecies).
This form of writing enabled the model to assess every species concentration change for
every separate reaction. Instead of writing:
U(t) = U(t−1) +
dU
dt
(4.33)
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Keeping up with the naming of the thesis’ model:
U = U + r · coeff · TimeStep (4.34)
U = U + Uold (4.35)
Being Uold the equivalent to U(t−1).
In conclusion, the parameters for each experiment are set in the main code. This is sent
the information inside a loop to the function. The function includes a loop where with
the volumetric model the change in concentration given by every reaction is summed up,
so that the function returns the total change in the concentration of all the species for a
concrete time. As the function is called for every step of time inside the loop, finally the
concentration of all the species at every time are obtained.
For the purpose of a modifiable model the parameters have to be set in order to begin a
simulation of the model. These setting parameters may affect the time of the experiment,
its temperature, initial compositions or even the char yields of the sample.
For instance the setting parameters may be:
• Time: EndTime, pretime, holding time
• Temperature: HR, initial and final temperature
• Initial composition
• Char yields or resisting sulphur
It has been demonstrated that not all the sulphur contained in the coal decomposes.
Therefore for every new experiment before the simulation is run the sulphur retention has
to be set. It is generally assumed that the sulphur retention in the coal evolves according
to the following equation:
Sulphur retention =
XS(db) ·Mchar
Xlig(db) ·Mlig
(4.36)
In which XS(db) is the percentage of sulphur mass in the coal on dry basis, Mchar the mass
of the char, Slig(db) the initial percentage of sulphur mass appearing in the coal and Mlig
the initial coal mass.[1] These sulphur retention of the char, which can also be termed
char yields, may be different for every sulphur species, therefore it has to be set differently
for aliphatic, aromatic, thiophenic, sulfatic and pyritic sulphur. Even so, organic and in-
organic sulphur respectively do show some correlation between the sulphur retention of
their species.
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Chapter 5
RESULTS & DISCUSSION
During the creation stage of the model, two goals were expected from the results section.
Indeed, this section aims not only to validate the model but also to test it with new
experimental data. Therefore, different experiments were tested and their results were
commented in order to obtain the conclusions about the success or failure of the model
to represent truly the experimental data.
Firstly, the model was compared to the same experiments tested in the reference [19]
to see whether the results were similar or not and, consequently, to know if the model
was valid, Validating results. Once the model was validated the results were compared
to some experimental data from the department, the EST (Institut Energiesysteme und
Energietechnik) in the Technische Universita¨t Darmstadt. This data had never been
compared to a model before and therefore the results are of a greater significance, these
are denominated the Final results. To conclude, the results for each experiment were
commented to see the inaccuracies of each of them if there were.
5.1 Validating results
5.1.1 An experimental study into pyrite transformation during
pyrolysis of Australian lignite samples [1]
In this experiment the transformation of pyrite in an Australian lignite during pyroly-
sis was studied using a thermogravimetric analyser (TGA) and a fixed-bed reactor. For
the experiment different samples such as a lignite with high pyrite content, a pyrite-free
lignite, acid-washed lignite, a pyrite mineral, and pyrite-free lignite blended with various
amounts of the pyrite minerals were employed. Actually, only two coals, this is, two raw
lignite samples collected from two different locations in an Australian lignite deposit were
used in this experiment. These were denominated L1, which is free of pyrite, and L2,
which has a high pyritic sulphur content. L1 and L2 were demineralized or mixed with
pure pyrite to create different samples for the experiments. The demineralised samples
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were named AW L1 and AW L2.
The experiments were hold between 110 and 1000 ◦C, heating rates of 10 or 50 [K/min]
with a holding time, time the final temperature is maintained, of 30 minutes. For these,
the following initial concentrations of the samples were considered:
Coals \ Species SS SPyr Sorg
L1 0.03 0 0.21
L1 (%) 12.5 0 87.5
AW L1 0 0 0.21
AW L1 (%) 0 0 100
5P-95L1 (%) 11.875 5 83.125
L1 (%) 11.25 10 78.75
L1 (%) 6.25 50 43.75
L2 1.27 1.61 1.92 o 1.74
L2 (%) 27.45 34.85 37.66
AW L2 0.732 0.928 1.74
AW L2 (%) 21.53 27.29 51.18
Table 5.1: Sulphur forms of the raw lignite samples, extracted from: Table 1.Proximate,
ultimate analysis and sulphur forms of the raw lignite samples[1].
The results assessed in this experiment are the pyritic sulphur mass loss and the sulphatic
sulphur mass loss. The model’s results were compared to the experimental data of the
samples. For the pyritic sulphur both heating rates were tested, 10 and 50 [K/min], while
for the sulphatic sulphur only the heating rate of 10 [K/min] was tested.
The deviations from the model to the data from the literature can be explained because
the model presented in this thesis only considers the pyrictic sulphur being transformed
by one chemical reaction while, it can be ensured that, in reality there are multiple reac-
tions occurring with every of the species appearing in the coal.
In the first place, a validation of the model was tested. The experimental results were
compared to the model with a homogeneous distribution of organic and inorganic sulphur
in the initial conditions. Firstly the pyritic sulphur decomposition in the following figures:
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Figure 5.1: TGA mass loss and Fe/S ratio profiles of pyrite decomposition [1] and comparison
to the model.
Secondly, the pyritic sulphur decomposition of the experimental data was compared to
the model for both heating rates, while, as it was said earlier, the sulfatic sulphur was
only tested for the heating rate of 10 [K/min]. Comparing the model’s representation of
both species’ decomposition was compared and, legitimately, the difference in the slope
between them stems from the difference in their pre-exponential factor, A, and the activa-
tion energy, Ea. This simulation was also compared to the simulation of the reference [19].
Figure 5.2: Pyritic sulphur and sulfatic sulphur decomposition compared to the experimental
data [1]
It can be fully appreciated that although Yani [1] recognised a pyritic sulphur retention
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of 0.733 during the experiments, Maffei used SPyrRESIST = 0.755 for his model. Anyhow,
the sulphur remaining can vary between coals depending mostly on its inorganic fraction,
and therefore this is one of the setting parameters that have to be introduced before
running the model. Similarly to the pyritic sulphur loss experiment, the sulphatic sul-
phur was compared to Maffei’s model, where the resisting sulphatic sulphur used was 40%.
Finally the real data of the table was compared with the model. As illustrated in the
results of the reference [1], for every sample there are different char yields or sulphur re-
tention. Precisely L1, the demineralised L1, L2 and the demineralised L2 presented char
yields percentages of 44.3, 44.01, 41.8 and 44.86 respectively.
Hereafter the total sulphur decompostion for the samples of L2, demineralised L2, dem-
ineralised L1, 5P-95L1, 10P-90L1 is displayed. 5P-95L1 and 10P-90L1 refer to different
fractions of pure pyrite mixed with the sample L1.
Figure 5.3: Total sulphur decomposition of the samples according to the reference and to the
model [1]
Below, the same samples were tested for inorganic sulphur. An inconsistency was found
because the L1 demineralised does not contain inorganic sulphur according to the Table
4 of the reference [1], here listed as Table 1, and therefore does not appear in the model’s
representation.
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Figure 5.4: Total inorganic sulphur decomposition of the samples according to the reference
and to the model [1]
Consequently, in the model’s representation of the inorganic sulphur, the yellow line for
the demineralised L1 sample does not appear because, indeed, according to the table,
once demineralised the sample contains no inorganic sulphur.
5.1.2 Sulphur transformations during pyrolysis of a high sulphur
Polish coking coal [39]
For this experiment a cooking coal from Poland, denominated Maj. coal, containing 4.9
wt% of sulphur was subjected to pyrolysis at 330-1700◦C in an atmosphere of evolved
gases. The experiment was held with a heating rate of 5 [K/min] and maintained after
the heating one hour at the final temperature.
The first table displays the initial concentrations of the sulphur species in the coal, this
is, the composition of the Polish coal. The table is an adaptation from the reference [39]
which only splits organic sulphur into thiophene and non-thiophene. Therefore the dis-
tribution of the reference [19] from equations 4.27, 4.28 and 4.29 is used to split organic
sulphur into aliphatic, aromatic and thiophenic. As commented before, this distribution
is not totally accurate but it will be used for same of the validating results because it is
useful in order to compare this thesis’ model to the model found in the literture.
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SAl SAro SThio SPyr Ss
0.418 0.432 1.38 2.64 0.03
8.53% 8.82% 28.16% 53.8% 0.61%
Table 5.2: Sulphur compositon for Polish coal.[39]
In the second table the concentration progress with temperature for some particular tem-
peratures is given. This temperatures vary from 330 to 1700 ◦C but do not increase in
regular intervals. These are the exact measurements obtained after carrying out the ex-
periment once. The sulphide listed in the table is considered to be iron sulphide, FeS, as
it is the sulphide created in greater concentration during pyrolysis.
Sample Total Sulphate SPyr Sulphide SOrg
T[◦C]\ Initially 4.9 0.03 2.64 0 2.23
330 4.87 0.02 2.64 0 2.21
360 4.87 0.01 2.62 0.03 2.21
400 4.85 0.02 2.5 0.13 2.2
450 4.65 0.03 2.34 0.16 2.12
500 4.34 0.01 0.45 0.98 2.9
600 4.08 0.02 0.05 1 3.01
700 3.79 0.03 0.04 1.05 2.67
900 3.82 0 0 1.3 2.52
1000 3.9 0 0 1.38 2.52
1500 3.22 0 0 1.47 1.75
1700 2 0 0 0.83 1.17
Table 5.3: Sulphur forms of chars-cokes obtained at different temperatures from Maj. coal,
wt% dry basis.[39]
In the light of the data provided the model was compared firstly to the experimental data
found in the reference [19] and later on to the experimental data table from the reference
[39]. The first figure is the results the reference [39] published:
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Figure 5.5: Distribution of sulphur as a result ofpyrolysis of 1 Maj coal [39].
Down below the two comparisons are displayed. Firstly the comparison of the model to
the experimental data found in the reference [19] and in the second figure the comparison
with the data from the Table 2 [39].
Figure 5.6: Comparison from experimental data from the reference [19] and from the table to
the model.
As it can be seen, the results for the data of the table are less accurate than the ones
from the first experimental data. These are results of only one experiment and give very
few experimental points, and, therefore are not fully representative of the habitual trend
during coal pyrolysis. Hence, the results are abstracted to be positive for the Polish coal
simulation because the experimental data displayed in the table may be ignored, or taken
as less relevant.
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5.1.3 Sulphur transformation in a south australian low-rank coal
during pyrolysis [40]
A South Australian low-rank coal, known as Bowman’s coal, is used in this study. Acid
washed (AW), this is, demineralised coal samples were also prepared to investigate the
effect of sulphur form distribution and inherent inorganic mineral on sulphur transforma-
tion. Indeed, this coal has relatively high total sulphur contents, a sulphur fraction of
around 5% of the coal.
Three experimental techniques were used to test the samples. This techniques were
temperature-programmed pyrolysis (TPP), fixed-bed pyrolysis and fluidised-bed pyrol-
ysis. These cover a wide range of conditions to investigate the interactions between
different forms of sulphur and mechanisms of the evolution of sulphur during pyrolysis.
The experiments were held until 900 ◦C were reached, a heating rate of 17.7[K/min] and
the decomposition of total sulphur, organic sulphur and pyritic sulphur were experimented.
For these results the experimental initial conditions of the following table were used. The
table found in the reference [40] did not give a distribution of organic sulphur, it only
assessed that the organic sulphur fraction was of 80% regarding the sulphur contained in
the coal. Therefore, the organic sulphur distribution found in the reference [19], of equa-
tions 4.27, 4.28 and 4.29, was again taken into consideration. Here the 80% was divided
into aliphatic, aromatic and thiophenic sulphur.
Coal \ Species SAl SAro SThio SPyr SS
Bowman 1.77 1.271 0.816 0.045 0.919
Bowman (%) 36.71 26.36 16.94 0.93 19.06
Table 5.4: Analysis of Bowman’s coal.[40]
In the first figure the results found in the reference [19] were compared to the ones of the
model, and a sulphur retention of 40% was found for organic sulphur.
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Figure 5.7: Total sulphur, organic sulphur and pyritic sulphur decomposition comparison to
experimental data. [40]
Once the organic sulphur retention was set as a parameter in the model, the model was
able to reproduce virtually exactly the evolution of the total, organic and pyritic sulphur
decomposition. It can also be appreciated that sulphatic sulphur had no sulphur retention
during the pyrolysis of this experiment. Later on, the experimental data of the figure 3
in the reference [40] was compared to the results of the model.
Figure 5.8: Retention of various forms of sulphur during temperature-programmed pyrolysis
and comparison to the model.[40]
Comparing the results given by the reference [40] to the results of the model a great
exactitude can be observed. As it was commented, the organic sulphur had a sulphur
retention of the 40% but sulphatic sulphur nor pyritic sulphur had any sulphur retention.
As a consequence, at the end of the pyrolysis, when all the pyritic and sulphatic sulphur
have been decomposed, the remaining total sulphur matches the organic sulphur.
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5.1.4 Multi-bed Vacuum Pressure Swing Adsorption for carbon
dioxide capture from flue gas [41]
In this experiment, four chinese coals named Yanzhou(YZ), Datong(DT), Yima(YM) and
Huolinhe(HLH) were tested. These belong to different ranks and have different sulphur
contents. Pyrolysis was performed in an ambient-pressure, vertical quartz micro-fixed-bed
reactor. The experiments were held from ambient temperature to 1000◦C and a heating
rate of 5 [K/min].
By the same token as in the previous experiment, the reference [41] did not display the
distribution of organic sulphur and therefore the following table of initial composition of
the coals is the adaptation of the reference [41]. This distribution of organic sulphur was
stated in the previous chapter by the equations 4.27,4.28 and 4.29.
The resulting composition is stated in the following table of initial concentrations of the
species of the different coals:
Coals \ Species SAl SAro SThio SPyr Ss
Yanzhou 0.503 0.432 0.865 1.72 0.11
Yanzhou (%) 13.86 11.9 23.83 47.38 3.03
Datong 0.107 0.085 0.118 1.2 0.09
Datong (%) 6.69 5.3 7.38 75 5.63
Yima 0.159 0.119 0.122 1.86 0.09
Yima (%) 6.77 5.06 5.19 79.15 3.83
Houlinhe 0.105 0.078 0.067 0.15 0.04
Houlinhe (%) 23.86 17.73 15.23 34.09 9.09
Table 5.5: Adaptation of Table 1. Proximate, Ultimate, and sulphur Form Analyses of Coals
[41]
During this experiment the evolution rate of hydrogen sulphide, H2S, for each of the
samples was assessed. The following figures represent the comparison of the results of the
literature and the model of this thesis. As the oxy-fuel conditions are not included in this
simulation model yet, the literature results for the nitrogen, N2, atmosphere are the ones
to be regarded.
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Figure 5.9: Hydrogen sulphide release
It can be appreciated that the results of the simulation model represent quite accurately
not only the amount of hydrogen sulphide produced but also, in case there are, the mul-
tiple slopes in which it is created.
Besides, the evolution rate of carbonyl sulphide was also given in the results. In this case,
as carbonyl sulphide, COS, is not considered in the model as an independent species it
has to be treated as SGas. In fact, the denomination of sulphur gases includes carbonyl
sulphide among others, but the simulation of just this species may give some inexactitudes
due to this other species also appearing in the SGas denomination.
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Hereafter are shown the results for the evolution of carbonyl sulphide:
Figure 5.10: Sulphur gas evolution rate for the Yanzhou and the Yima sample from the model’s
results.
In contrast with the experimental data stated later on, the simulation model does give a
good result for the COS evolution, although this species is only a part of the denominated
SGas species. For this reason, it can be concluded that not many other sulphur gases take
part in the pyrolysis of these chinese coals.
5.1.5 Analysis of Formation Rates of Sulfur-Containing Gases
during the Pyrolysis of Various Coals [42]
For the upcoming experiment six Japanese, an Argonne premium coal and a Chinese
coal were pyrolysed. Pyrolysis of the coal was performed by two methods. One is the
temperature-programmed pyrolysis in a stream of helium gas: about 3 mg of coal particles
less than 74 µm in diameter were heated from 25 to 900 ◦C at the rate of 20 [K/min] using
a thermogravimetric analyser that was directly connected to a mass spectrometer. The
second method is the flash pyrolysis using a Curie-point pyrolyser in an inert atmosphere.
The experiments were carried out in order to clarify the relation between organic sulphur
distribution in coal and the emission of sulphur containing gases. Here attention will be
drawn to the release of sulphur gases. The experiments were held with a heating rate of
20[K/min] from ambient temperature to 900◦C.
In the first place, here is displayed the initial composition table for the eight different
samples. The table is also an adaptation because the reference [42] only displayed the
total sulphur and the pyritic sulphur.
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Coals \ Species SAl SAro SThio SPyr Ss
SS001 0.098 0.104 0.297 0.14 0.01
SS001 (%) 15.1 16.02 45.76 21.57 1.55
SS002 0.159 0.175 0.266 0.01 0
SS002 (%) 26.08 28.7 43.6 1.64 0
SS003 0.072 0.078 0.15 0.03 0
SS003 (%) 21.82 23.64 45.45 9.09 0
SS004 0.146 0.159 0.295 0.2 0.03
SS004 (%) 17.59 19.16 35.54 24.1 3.61
SS005 0.03 0.034 0.036 0.2 0.02
SS005 (%) 9.375 10.625 11.25 62.5 6.25
SS006 0.124 0.136 0.24 0.03 0.16
SS006 (%) 17.97 19.71 34.78 4.35 23.19
Illinois 0.754 0.846 0.795 3.314 0
Illinois (%) 13.2 14.82 13.92 58.06 0
Enshuntonhson 0.869 0.948 1.783 0.61 0.05
Enshuntonhson (%) 20.6 22.25 41.85 14.34 0.14
Table 5.6: Adaptation of the Table 1. Ultimate Analyses and Total Sulphur Contents of Coals
[42]
In the first place, the results of the hydrogen sulphide evolution rate for all the samples
displayed are the ones given by the reference [42]. These will be used as a comparison to
the results obtained with this thesis’ model. As it was commented, this were tested by
two methods but both of them used an inert atmosphere, in the case of the first method
helium gas was used.
The difference in the amount of sulphur gases production evolution rate arises merely from
the different initial compositions of the eight samples because in the model the mecha-
nisms in the coal are considered to be the same.
Regarding the results of the literature it can be seen that some of the coals show a more
than one slope when producing sulphur gas. It can be given as an explanation for these
multiple slopes the different sulphur species which produce sulphur gases.
Indeed, regarding the reactions used for the model, the different sulphur species are de-
composed in one or more reactions with different activation energies and pre-exponential
factors. Thus, this species are decomposed and produce new species at different temper-
atures or stages of the pyrolysis.
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Figure 5.11: The formation rates of sulfur-containing gases during the pyrolysis of coals. [42]
The difficult issue to address is to assess, only regarding the figures of the experimental
data, which species produce each slope and therefore know the influence each species has
on the sulphur gas production during pyrolysis. In the latest experiments, the ones with
the experimental data from the department, it will be attempted to give an explanation
to these different slopes and select the specific species which create each one of them.
At this moment the results of the model representation are given in order to see the com-
parison with the evolution rate of the hydrogen sulphide of the samples was compared to
the experimental data.
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Figure 5.12: Hydrogen sulphide release
In view of the results, it can be concluded that although the model’s representation of
the hydrogen sulphide is not totally accurate comparing it to the experimental data, the
model is capable of forecasting the temperature at which the hydrogen sulphide is pro-
duced to a larger extent and forecast the release amount.
The only exception is for the sample SS004. In this case the model does show some large
differences to the experimental data. Nevertheless, the sulphur release for this sample is
twice bigger than the release for the rest of samples. Though the initial conditions of
the samples do not show such big differences. No explanation was found, thus, it is to
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be considered that the experiment for this sample had some external conditions which
changed the results and were not explained in the reference [42]. To conclude, the ex-
periment for this sample is to be ignored and therefore the results may be taken as positive.
In addition, the development of sulphur char and the organic sulphur species was tested.
Precisely the thiophenic sulphur is summed up to the sulphur char, and the aromatic and
aliphatic sulphur are displayed individually.
Figure 5.13: Evolution of thiophenic sulphur summed to sulphur char, aromatic sulphur and
aliphatic sulphur at different heating rates and different samples. [42]
The Illinois sample was tested at the heating rates of 3000[K/s] and 20[K/min], while the
Enhuntonhson sample was only tested at this second heating rate. Although the model
developed in this thesis gives better results for low heating rate, this time the high initial
amount of thiophenic sulphur that the Enhuntonhson sample contained gave inaccuracies
for the low heating rate simulation. This may be due to the fact that with such high
amounts a higher thiophenic sulphur retention was expected which did not occur.
Another remarkable feature is the increasing and decreasing slope that appears in the
blue line, the one representing the thiophenic sulphur and sulphur char summed up. This
growing and sinking line may occur due to the fact that thiophenic sulphur is being de-
composed, so always reduces its concentration, while sulphur char is decomposed and
produced in different chemical reactions contained in the model.
5.1.6 Sulphur release during the devolatilisation of large coal
particles [43]
For this experiment the non-isothermal wire mesh pyrolysis technique was used, as it has
been shown to be a valid technique for the study of coal particle devolatilisation for the
size range of the samples used and the experimental conditions. The coal samples were
flash-pyrolysed in the wire mesh reactor with a heating rate of 11000 [K/s].
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These experiments would lead to temperatures of 800-1000◦C after holding times of 9
seconds. In these tests the coal particle size was also taken into account, sizes of 0.25-0.5,
0.8-1.0 and 1.6-2.0 mm, with mean particle diameters of 353, 894 and 1788µm respec-
tively, were considered. The temperature that was measured was the one of the electrically
heated wire mesh, the one assumed to be the same as the particle surface temperature.
Hereafter the table of the initial conditions a bituminous coal and anthracite is displayed
and right after the experimental results compared to the model representation at these
high heating rate. Once again the table was adapted with the equations 4.27, 4.28 and
4.29 to include a distribution of aliphatic, aromatic and thiophenic sulphur.
Coals \ Species SAl SAro SThio SPyr Ss
Anthracitic 0.205 0.201 0.584 0.3 0.05
Anthracitic (%) 15.3 15 43.58 22.39 3.73
Bituminous 0.584 0.43 0.366 1.47 0.04
Bituminous (%) 20.21 14.88 12.66 50.87 1.38
Table 5.7: Initial composition of anthracitic and bituminous coals.[43]
Figure 5.14: H2S release from anthracite and bituminous coal [43]
As it can be seen in the figure, the model developed in this thesis does not give such good
results for high heating rates. The figure gives as an insight into the way the hydrogen
sulphide may be produced in the coal but the model is not able to give an accurate rep-
resentation of what truly happens. Unlike in the previous experiment, where the model
did enable us to know the evolution of decomposition of the sulphur species, in this case
the model fails to display the hydrogen sulphide release evolution.
One of the reasons for the inexactitudes in the model may be that the high heating rates
delay the reactions more than the model accounts. This is, with such high heating rates
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the diffusion mechanisms and cross-linking reactions are unable to occur so quickly, so
although the needed temperatures are reached they would occur later.
The model however works only with the temperature depending on time, and if the tem-
peratures for the reactions is reached then the simulation model understands that these
are occurring and does not take into account that with high heating rates the reactions
may delay a bit.
5.1.7 Effect of heating rate and temperature on pyrolysis desul-
furization of a bituminous coal [44]
A sample, denominated Ermelo, of non-caking bituminous coal was pyrolysed using a
fixed bed with a thermogravimetric analyser in a nitrogen stream at atmospheric pressure
up to 900◦C with heating rates between 20 and 100 [K/min]. The final temperatures of
the experiment were of 500-700◦C. The heating rate and the final temperature determined
the sulphur content in residual char.
The following table includes the initial composition of the tested sample which shows a
predominance of pyritic sulphur. Further on the experimental results are displayed. This
results present the decomposition of total sulphur, organic sulphur and pyritic sulphur as
well as the production of sulphur gases summed up to hydrogen sulphide, the release of
sulphur tar and iron sulphide. All of these are displayed for both heating rates, 20 and
100 [K/min].
Coals \ Species SAl SAro SThio SPyr Ss
Ermelo 0.147 0.124 0.234 0.256 0.04
Ermelo (%) 18.35 15.48 29.21 31.96 5
Table 5.8: Initial composition of Ermelo sample [44]
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Figure 5.15: Sulfur residue and release of main organic sulfur species in two different heating
rate conditions (20 [K/min] and 100 [K/min])[44]
Looking upon the figures, it can be stated that the model does work for higher heating
rates than 50 Kelvins per minute. The figures shown no large inaccuracies for 20[K/min]
nor for 100[K/min]. It is for higher heating rates of thousands of Kelvins per second, as
in the previous experiment that the model shows inexactitudes. In fact, in the current
experiment the decomposition evolution of total, organic and pyritic sulphur as well as
the production of sulphur gases summed to hydrogen sulphide, the sulphur tars and the
iron sulphide, FeS are displayed for the two heating rates commented and the model
follows quite well the experimental data.
5.1.8 Effect of mineral on sulfur behavior during pressurised
coal pyrolysis [37]
In the experiment addressed here, the Chinese coal sample denominated Yima, as in the
case of a previous experiment, was demineralised with HCl/HF and HCl/HF/HNO3.
The raw sample and the demineralised one were pyrolysed in a fixed bed reactor under
a pressure of 2 MPa. The goal of the experiment was to investigate the effect of mineral
sulphur on organic and pyritic sulphur transformation as well as the effect of decomposi-
tion of pyritic sulphur on organic sulphur removal during pyrolysis.
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The experiment was held between the temperatures of 350 and 650 ◦C, and had a heating
time of 10 minutes. After that, the final temperature was hold for another 30 minutes.
The initial composition of the Yima sample and its demineralised sample are displayed
in the following table:
Coals \ Species SAl SAro SThio SPyr Ss
Yima 0.622 0.419 0.039 1.22 0.28
Yima (%) 24.11 16.24 1.51 47.29 10.85
Yima Dem. 0.625 0.421 0.034 1.15 0
Yima Dem. (%) 28.03 18.88 1.52 51.57 0
Table 5.9: Analysis of coal samples [37]
Hereafter the results published by the reference [37] and the comparison to the results
obtained with the thesis’ model are presented:
Figure 5.16: Total sulfur removal from raw and Dem samples during pyrolysis of the experi-
mental data and comparison to the model.[37]
Although the results of this experiment seem not to be accurate they are considered to
be positive for the same reason as in a previous experiment. The kinetic model is able
to predict the evolution trend the total sulphur has and follows correctly the distinction
between the raw sample and the demineralised sample, which containes obviously a lower
sulphur content.
5.1.9 Thermogravimetric analysis of bituminous coal [19]
The model was finally tested in comparison with a different set of experimental data,
referred to a bituminous coal. The following table displays the elemental composition on
dry ash-free basis and the estimated sulphur distribution found in equations 4.27,4.28 and
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4.29.
Species SAl SAro SThio SPyr Ss
Bituminous coal 0.022 0.026 0.053 0.1 0.018
Bituminous coal (%) 10.05 11.87 24.2 45.66 8.22
Table 5.10: Adaptation of Table 9 in reference[19]
Figure 5.17: Sulfur residue at different pyrolysis temperatures, experimental data compared
to Maffei’s model and the thesis’ model [19]
The results of this experiment are positive but are more accurate for the heating rate of 20
[K/min] than for 100 [K/min] since the model’s representation for both heating rates is
quite similar and the line is closer to the point of 20 [K/min] than to the other two points.
5.2 Final results
The three following experiments were undertaken in the EST department and had never
been validated before with a simulation model. That is the reason for the great impor-
tance of these results. These were tested once the model had been validated with the
previous experiments to prove its accuracy.
5.2.1 EST Experimental data
The experiments were carried out with a heating rate of 20 [K/min], which as it has been
proved works quite well for the model of this thesis. The samples were heated up from
ambient temperature to 1000 ◦C and maintained at that temperature for 15 minutes.
Three different samples were used for these experiments, denominated U2, K1 and SC1.
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The first two, U2 and K1, are the ones intervening in the first two experiments and have
very similar initial compositions. Both of them have a primacy of organic sulphur and
practically equal concentrations of sulphatic and pyritic sulphur.
In the following table the initial compositions of the three samples are displayed and it
can be observed the characteristics of these coals which had just been commented:
Coal \ Species STotal SOrg SPyr Ss
U2 3.01 2.1 0.45 0.49
U2 (%) 100 69.08 14.8 16.12
K1 1.03 0.71 0.16 0.16
K1 (%) 100 68.94 15.53 15.53
SCLa 1 0 1 0
SCLa (%) 100 0 100 0
Table 5.11: Experimental data
The first experiment gives the evolution rate of hydrogen sulphide for the U2 and the K1
coals. All the experimental data for these three experiments was given in terms of the ion
current in [A/mg] which was converted to the evolution rate. In consequence, the results
shown here are merely qualitative because to make this conversion a qualitative factor of
0.8 · 10−12 was multiplied to the model results in order to be able to compare the results
to the model.
As it was commented in a previous experiment, often the evolution rate is given by more
than one slope, which determines that the production of the species has occurred at two
different temperatures. As can be noted by the figure, the hydrogen sulphide’s evolution
rate has clearly two different production slopes, but one is much bigger in the case of the
coal U2.
Regarding the reactions the model provides only organic sulphur produces hydrogen sul-
phide directly. Pyritic sulphur produces iron sulphide which later decomposes producing
hydrogen sulphide, but its effect on the hydrogen sulphide production is much lower.
Besides, the effect of pyrite in both coals would be the same as their pyritic sulphur com-
position was given and was akin.
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Figure 5.18: Hydrogen sulphide evolution rate for the coals U2 and K1
Therefore, when considering that aliphatic, aromatic and thiophenic sulphur produce the
different slopes it is made clear that the reactions 4.27,4.28 and 4.29 do not work for every
experiment. In fact, if only the carbon fraction was regarded in order to calculate the
organic sulphur distribution, these two very similar coals would have very similar organic
sulphur distributions and their slopes would be virtually equal.
By contrast, the organic sulphur distribution was obtained empirically by changing the
initial compositions in the model and comparing them to the experimental data it should
fit. Finally a good match was obtained. The first idea was that regarding the stoichio-
metric coefficients of the Reactions 2, 4 and 6, aliphatic is the organic sulphur species
which more hydrogen sulphide produces while thiophenic sulphur, as in the case of pyritic
sulphur, does not produce hydrogen sulphur directly but produces tar and char sulphur
which later on, through Reaction 7 would produces hydrogen sulphide in the metaplast
phase.
It was considered that the effect of producing hydrogen sulphur in the metaplast phase
had a low effect, because not until higher temperatures were achieved would this hydrogen
sulphide be released into the gas phase. Thus, it was considered that only aliphatic and
aromatic sulphur could produce big slopes in the evolution rate of hydrogen sulphide,
having aliphatic sulphur a larger effect.
Coming to the distribution of organic sulphur used in the model, different percentages
were used in order to differentiate the slopes from the U2 coal and the K1 coal, giving
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always a higher percentage of aliphatic sulphur to the U2 coal. The final compositions
used for the simulation are the ones listed hereafter:
1 U( : , 1 ) = [ 0 . 4∗0 . 6 9 0 8 0 .3∗0 .6908 0 .3∗0 .6908 0 .148 0 .1612 0 0 0 0
0 0 0 0 0 0 0 ] ’ ;%U2
2 U( : , 1 ) = [0∗0 .6894 0 .3∗0 .6894 0 .7∗0 .6894 0 .1553 0 .1553 0 0 0 0 0
0 0 0 0 0 0 ] ’ ;%K1
This is, the U2 coal had a 40% of aliphatic sulphur and 30% for aromatic and thiophenic
sulphur independently, whilst the K1 coal had no aliphatic sulphur, had a 30% of aro-
matic sulphur and a 70% of thiophenic sulphur, regarding the organic sulphur given as
initial conditions.
Regarding the figure right above, the accuracy of this distribution can be appreciated.
Both, the bigger slope of the U2 coal and the smaller slope both coals share are tightly
represented in the model. This, not only acknowledges the correct stoichiometric coeffi-
cients which give a greater effect to the aliphatic sulphur, but also shows that the second
slope appears because of the aromatic sulphur.
Indeed, the distribution of organic sulphur used gives 30% of aromatic sulphur to both
coals, and therefore the second slope has to be the same for both. The first small slope
of the K1 coal can be assumed that is caused due to the thiophenic sulphur. Despite the
fact that thiophenic sulphur has a smaller effect on the production of hydrogen sulphide,
its great percentage of 70% in the K1 coal makes it create indirectly a small slope in the
hydrogen sulphide evolution rate.
The following figure shows the experimental data and the model representation of the
evolution rate of sulphur gas. As sulphur gas is a term which includes any gas which
contains sulphur except for H2S and SO3 the experimental data could not include all the
results for the sulphur gases. Indeed the sulphur dioxide, SO2, and the carbonyl sulphide,
COS, release from the experimental data are being compared to the term SGas of the
model.
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Figure 5.19: Sulphur dioxide and carbonyl sulphide release compared to the sulphur gases
release of the model for the coals U2 and K1
As it is noted, in this experiment the model does not give such an accurate representa-
tion of what truly happens during pyrolysis. The main reason for this is that, as it was
explained, the term SGas includes many gases containing sulphur and are treated equally
with regards to the reactions listed. Although sulphur dioxide and carbonyl sulphide
might constitute the major part of the sulphur gases, they are treated as one unique
species. It is meaningful the fact that every species interacts differently with the other
species, at different temperatures and speeds or even with two different mechanisms as
the ones explained for organic sulphur at high or low heating rates.
Nevertheless, in this thesis this experiment is considered to be a good result. Although
the approach to the experimental data is not too accurate, the model achieves to give an
insight into the temperature at which the major part of the sulphur gases are produced.
Furthermore, the organic distribution which was mentioned earlier does work because in
common with the experimental data, the model shows a greater production of sulphur
gases for the coal U2 than for the K1.
This can occur for the same reason as in the experiment of the hydrogen sulphide, because
of the higher percentage of aliphatic sulphur for the U2 coal. Moreover, although they
appear very smoothly, the model presents for both coals two slopes, a very small one
and the principal one. Regarding the representation of the experimental data, two major
slopes can also be appreciated if the major two are counted as one. In conclusion, the
model needs to be adjusted in order to approach better the production of sulphur gases
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but it does give an insight into what happens during pyrolysis with these gases.
The next and last experiment shows the evolution rate for hydrogen sulphide for the coal
SC1. SC1 is a coal which only contains pyritic sulphur. It is unusual for a coal not to
contain any fraction of sulphatic or organic sulphur but this is indeed a great advantage
in order to assess the evolution rate of the species pyritic sulphur produces. This partic-
ular coal contains no other sulphur species than pyritic sulphur, which gives it a different
hydrogen sulphide pattern.
Figure 5.20: Hydrogen sulphide release for the coal SC1
Regarding the figure, it can be noted that the model fails to represent the sharp slope
of the experimental data’s evolution rate. The curve presented by the model is much
more smooth. However, as in the previous experiment, the results are considered to be
positive because the model forecasts the temperature at which the hydrogen sulphide is
being produced and qualitatively the amout of hydrogen sulphide that is being produced
is similar to the one of the experimental data.
It is remarkable that the model developed in this thesis only considers pyritic sulphur
being decomposed in one reaction, Reaction 8. In this reaction hydrogen sulphide is
produced as well as iron sulphide which will at higher temperatures produce hydrogen
sulphide as well. The issue arises from the fact that only one reaction is not able to give
an insight to all the mechanisms appearing in pyritic sulphur decomposition. For the
sake of a better representation of the experimental results, a development of this reaction
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for pyritic sulphur decomposition should be done. But, as it was commented, the actual
results are considered to be positive.
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Chapter 6
CONCLUSIONS & OUTLOOK
6.0.1 Conclusions
In view of the results earlier discussed it can be concluded that the model developed is
a successful model on sulphur release. The model was firstly tested in comparison with
the model of the literature [19] and its validity was proven. The model had virtually the
same results of the other model with the same accuracy. It gave very good results for low
heating rates and gave an insight into what happened for high heating rates.
Even when the experimental data from the department was tested, the model gave posi-
tive results and was able to predict the overall trend in which the species were produced.
The model proved to approach correctly the stoichiometric coefficients for the reactions
it includes because the results showed to be positive, but the model might lack of some
more development on the reactions for inorganic sulphur or for the species named under
the term sulphur gases.
On the one hand these results are of great significance because it is the first time this
experimental data was tested in comparison with a model. And the fact that the results
were positive creates the path for future simulation of other experimental data. Moreover,
the model enables to give an explanation to the distribution of organic sulphur regarding
the reactions which are considered. Empirically, the model provides the information to
see which species produce what other species at what temperature only regarding the
pre-exponential factors and the activation energies of every reaction.
On the other hand, the importance of this thesis relies on the fact that most of the
simulation results found in the literature only give graphic results and no explanation
about how to create the model. The fundamental ideas of the reactions intervening in the
coal pyrolysis were extracted from the literature and with the introduction of the modi-
fied Arrhenius law and the use of the Volumetric Model the model was created in MatLab.
Both reasons arise the idea that in the future this thesis’ model could be used to make
future simulations of different experimental data. The model was created in MatLab be-
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cause it is a widespread program with a simple programming language in order to enable
more people to use it afterwards. The model has been validated so it should work for new
data. Due to time scarcity, which arose from the different academic schedule between
Germany and Spain, the model could not include the oxy-fuel conditions or the repre-
sentation for chlorine release. Nevertheless, the high point of the thesis was starting to
create a simulation model from scratch.
Now that the model is already created, following its structure more reactions or species
could be included to develop it without having to make big changes. To conclude, the
model works already for different experimental data with low heating rates and it can be
easily modified in order to be developed.
6.0.2 Outlook
From the very beginning this thesis was begun with the idea of a future use of the model
for following experiments to be tested. As it has been commented, this model gives posi-
tive results but is open to a forthcoming development.
In the first place, the areas which were not included could be introduced in the model.
This is, the chlorine release and the oxy-fuel conditions. Since the model was created for
sulphur release, only by changing the reaction equations which determine the evolution
of the species. It was already stated that the high point of the thesis was producing a
MatLab code which captured all the correlations between the species and their different
reactions. Once this was developed, the modifications can be easily be done.
One issue to take care about is the definition of the species interacting in the pyrolysis,
regarding specifically SGas. The term sulphur gases embraces many sulphur species and
the model would be more accurate if these species were treated separately and each of
them was represented in the model by one or more equations.
Some other improvements to be made in the model include the optimisation of the model
for high heating rates and the introduction of more reactions which describe the decom-
position of inorganic sulphur. The issue of the high heating rates might have a correlation
with the equations of the second mechanism described in the thesis, which works at higher
temperatures or high heating rates. The parameters such as the pre-exponential factors
and the activation energies for these equations could be contrasted or if it was the case,
substituted by parameters which gave better results. When it comes to inorganic sulphur,
on the other side, the problem is that although the results are positive, the decomposition
of pyritic and sulphatic sulphur only is described in one reaction each, which limits very
much the possible different slopes the production of an inorganic product of inorganic
sulphur decompositon may create.
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In the future, the model created in this thesis is open to modification of anyone who
would like to keep on working on it and improve it. These are only a list of possible
modifications that could be done to improve it. Furthermore, this simulation model could
be used by anyone interested in validating own experiments with a simulation.
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Chapter 7
APPENDIX
Hereunder the MatLab code which makes the simulations work is shown. Basically in
the main surface of the code, the initial parameters are set and the functions TEMP and
MODEL are called. The first one produces the temperature evolution and the MODEL
function contains all the data such as the pre-exponential factors and activation energies,
and returns the concentration of every species for each point.
First of all, the temperature and time parameters have to be set in the model. The initial
and final temperatures are set, while the ambient temperature is a set value. The Heating
Rate is determined by the experimental data. An experiment is usually determined by the
heating time, the initial temperature and the heating rate. This can be extended dividing
the time into PreTime, time at the initial temperature before the heating begins only ap-
pears if the initial temperature is higher than the ambient temperature, the HeatingTime
and the HoldingTime, time at which the experiment maintains the final temperature.
The EndTime would be the sum of the PreTime, the HeatingTime and the HoldingTime,
this is, the total time of the experiment. Besides the number of steps, nSteps, is defined
as the EndTime divided by the time a step lasts, TimeStep. It is to be emphasised that
later on in the code the TimeStep is multiplied to the Heating Rate, and this would de-
termine the evolution of the temperature vector. Therefore, if the simulation is to be run
correctly when the heating rate gets increased the TimeStep has to be reduced so that
their multiplication allows the loop to work and not to get blocked.
The temperature vector is defined as a column vector with a length equal to the number
of steps and an initial value of the initial temperature. Additionally, the concentration
matrix has a column vector for each species which contains its concentration for every
time step. In the first lines of the code the initial concentrations are introduced and
obviously, as it was explained previously coal only contains organic and inorganic sul-
phur initially. Besides resisting sulphur is set. The Sresist enables to create the matrix
for reacting sulphur, Ureact, defined as the species’ concentration that is actually reacting.
Once all the parameters are set, two functions are called, one to produce the temperature
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vector varying with time, termed TEMP, which is only used when more complex tem-
perature changes are required, and the MODEL function which calculates the species’
concentration at every time step with the concentration of reacting species, Ureact. In
the event of having no sulphur retention, the total U would react. If, on the contrary
there is sulphur retention and only a fraction of the initial concentration reacts, when
displaying in a figure these species the Ureact would have to be summed to the resisting
concentrations. This two functions are called inside loops, so that for every time step
they are called once and they return the temperature or the species’ concentration vector
for a concrete time step.
To conclude, the evolution rate, dUdt, can also be calculated as the difference in con-
centration between two steps divided by time, and the required data is simulated and
displayed in a graphic.
1 %Temperature cons tant s
2 Tamb=25+273;%25 [C] constant
3 T i n i t i a l =350+273;
4 Tf ina l =1800+273;
5
6 %Heating ra t e
7 HR=20 %[K/min ]
8
9 %Def ine the end time , and time step s i z e f o r the s imu la t i on
10 PreTime=( T i n i t i a l−Tamb) /HR;
11 HeatingTime=(Tf ina l−T i n i t i a l ) /HR;
12 HoldingTime =60;%Time the f i n a l temperature i s maintained
13
14 EndTime=PreTime+HeatingTime+HoldingTime ;
15 nSteps =int64 ( EndTime/TimeStep ) ;%nSteps must be i n t e g e r
16 TimeStep = 1/800 ; %[ min ]
17
18 %Temperature vec to r
19 T=ze ro s ( nSteps , 1 ) ;
20 T(1)=T i n i t i a l ;
21
22 % U i s the s p e c i e s vec to r array , conta in ing concen t r a t i on s at
each time step
23 %There are 16 s p e c i e s :
24 %1 : S {Al } , 2 : S {Aro } , 3 : S {Thio } , 4 : S {Pyr } ,
25 %5 : S {S} , 6 : S {Char} , 7 : S {Char−ing } , 8 : FeS , 9 : S {Tar}∗ , 10 :
H {2}S∗ ,
26 %11 : S {Gas}∗ , 12 : S {Tar} , 13 : H {2}S , 14 : S {Gas} , 15 : Fe , 16 :
SO 3
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27
28 % Def ine i n i t i a l s p e c i e s concent ra t i on
29 U=ze ro s (16 , nSteps ) ;%Number o f s p e c i e s X Number o f s t ep s
30 Ureact=ze ro s (16 , nSteps ) ;
31 U( : , 1 ) = [ 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 ] ’ ;%Example f o r
e q u i t a t i v e d i s t r i b u t i o n o f i n i t i a l su lphur s p e c i e s
32 %I n i t i a l l y in the coa l the re are only S {Al } , S {Aro} , S {Thio } ,
S {Pyr} and S { s}
33
34 %D e f i n i t i o n o f the r e s i s t i n g sulphur
35 S r e s i s t =0.4 ;
36 Ureact ( : , 1 ) =(1−S r e s i s t )∗U( : , 1 ) ;
37
38 % Calcu la te s p e c i e s concent ra t i on at each f o l l o w i n g time step
39 f o r i =2: nSteps
40 %Calcu la te temperature at cur rent time step
41 T( i ) = TEMP(T( i −1) , i , TimeStep ,HR, PreTime , HeatingTime ,
HoldingTime ) ;
42 %T( i )=T( i −1)+HR∗TimeStep ; %Used when s imple l i n e a r v a r i a t i o n o f
temperature
43
44 %Calcu la te s p e c i e s concen t r a t i on s at cur rent time step
45 Ureact ( : , i ) = MODEL( Ureact ( : , i −1) , TimeStep , T( i ) ) ;%i f S r e s i s t
=0 Ureact=U, i f not , U=Ureact+U( : , 1 )
46 end
47
48 dUdt = ze ro s (16 , nSteps−1) ; % Number o f s p e c i e s X Number o f
s t ep s − 1
49 dUdttotal = ze ro s (1 , nSteps−1) ;
50 f o r i = 1 : nSteps−1
51 dUdt ( : , i ) = (U( : , i +1) − U( : , i ) ) / TimeStep ;
52 end
53
54 p lo t (T−273 ,U( 4 , : ) ) ;%Example f o r p y r i t i c su lphur d i sp l ay
55 p lo t (T( 1 : nSteps−1)−273,dUdt ( 4 , : ) ) ;%the temperature and
evo lu t i on ra t e vec to r have to have the same lenght , nSteps−1
On the one hand, the function TEMP is easily understood. The function receives all the
time and temperature parameters as well as the temperature at the previous step, Told,
and the step number currently running so that the function can know if the heating has
not started, is currently happening or has finished already. In this case, if the temper-
ature has not begun, before heating, or the heating has already finished, after heating,
the function returns the temperature at that time step equal to the temperature at the
previous step. In the event of being at the heating time the function returns the previous
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temperature summed to the heating rate multiplied by the time step.
1 %TEMPERATURE FUNCTION
2 f unc t i on T=TEMP( Told , i , TimeStep ,HR, PreTime , HeatingTime ,
HoldingTime )
3 nStepsPre=PreTime/TimeStep ;
4 nStepsHeating=HeatingTime/TimeStep ;
5 nStepsHolding=HoldingTime/TimeStep ;
6
7 i f ( ( i<nStepsPre ) | ( i>nStepsPre+nStepsHeating ) ) % be f o r e or
a f t e r Heating
8 T=Told ;
9 e l s e %in the event o f Heating
10 T=Told+HR∗TimeStep ;
11 end
On the other hand the MODEL function is far more complex. The model requires the
concentration vector at the previous time step, the time step and the temperature at
that step, which was earlier assessed by the TEMP function. In the head of the function
MODEL can be seen that the previous species concentration vector is now denominated
Uold, as it was explained U(t− 1) ≡ Uold.
Moreover the function will contain all the pre-exponential factors, activation energies and
stoichiometric coefficient vectors written above. In reactions 11 and 12 exposed earlier
the reagent was the organic sulphur. As in this model it is not recognised organic sulphur
as an independent species but as a the sum of aliphatic, aromatic and thiophenic sulphur,
these two reactions were unfold into the following 6 reactions:
Reaction 11a : SAl → STar (7.1)
Reaction 11b : SAro → STar (7.2)
Reaction 11c : SThio → STar (7.3)
Reaction 12a : SAl → S∗Tar (7.4)
Reaction 12b : SAro → S∗Tar (7.5)
Reaction 12c : SThio → S∗Tar (7.6)
Obviously these sub-equations share the same pre-exponential exponents and activation
energies. Therefore, there are more reactions, and consequently stoichiometric coefficient
vectors, than pre-exponential factors or activation energies. There are 15 different pre-
exponential factors and activation energies but 19 reactions and stoichiometric coefficient
vectors.
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Continuing with the MatLab code of the model, to calculate the reaction rate, the reac-
tion rate coefficient is needed. Based upon the explanations provided, the reaction rate
coefficients were assessed with the modified Arrhenius equation 4.3. Nevertheless, as said
before, early research has proved that a temperature dependence of the preexponential
factor, A, gives better measurements as in the equation 4.4. This temperature dependence
was modified until the model would fit better the literature results as it will be explained
in the Results section. Eventually the equation used to assess the reaction rate coefficient
was the successive with α = 0.1:
k = 0.1 · T · A · e(− ERT ) (7.7)
This way the reaction rate coefficient were assesed except for the reactions 11, 12 and 13
which, as commented, were calculated according to reference [19], where wc is the carbon
fraction in the coal:
k11 = e
49.6−11.7·wcT 8.16cdot10
−2
e−
2.62·104·wc+67·103
T (7.8)
k12 = e
−5.4−17.7·wc+24.2·w2cT 3.22e−
3.97·104·wc−1.7·104
T (7.9)
k13 = e
−20.8+1.1·102·wc−65.4·w2cT 0.12e−
1.68·104·wc+1.31·103
T (7.10)
With the reaction rate coefficients already assessed the reaction rates were calculated
multiplying the reaction rate coefficients by the denominated dominant species already
clarified. When it comes to reaction 7, SChar and S
∗
Tar are the reagent species and if one of
them is in lower concentration than the stoichiometric the reaction proceed. Thus, both
of them are the dominant species of the reaction and both have to be multiplied to the
reaction rate coefficient in order to obtain the reaction rate.
At last, the species’ concentration vector for every time step is calculated. A new vector
U is defined to represent the change every species suffers for every time step. A loop
is used to go along all the 19 reactions and include all the possible variations a species
can have, so for every reaction the change in concentration is calculated summing up the
previous U vector to the multiplication of the coefficient vector of the reaction and its
reaction rate times the time step. When the loop is finished the U vector contains all the
concentration changes for every species in the concrete time step. The function returns
this U vector summed up to the previous concentration vector Uold. Thus, the function
returns the new concentration of every species for this new time step.
1 %MODEL FUNCTION
2 f unc t i on U=MODEL( Uold , TimeStep , T)
3
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4 % I n i t i a l i z a t i o n o f v a r i a b l e s
5 A = ze ro s (15 ,1 ) ; % Pre−exponent i a l f a c t o r o f r e a c t i o n s 1 − 15 ,
11 :13 t r ea t ed d i f f e r e n t l y
6 E = ze ro s (15 ,1 ) ; % Act ivat ion Energy o f r e a c t i o n s 1 − 15 , 11 :13
t r ea t ed d i f f e r e n t l y
7 c o e f f=ze ro s (19 ,16) ;%S t o i c h i o m e t r i c c o e f f i c i e n t s o f each r e a c t i o n
(Number o f r e a c t i o n s X Number o f s p e c i e s )
8 %Some r e a c t i o n s use the same A and E, t h e r e f o r e are l e s s A and E
than r e a c t i o n s
9
10 k = ze ro s (15 ,1 ) ; % Rate cons tant s o f r e a c t i o n s
11 r = ze ro s (19 ,1 ) ; % Reaction r a t e s o f r ea c t i on s , the re are 19
r e a c t i o n s
12
13 %R1 , S Al −> 0 .4 H2S∗ + 0.2 S Gas∗ + 0.4 S Char
14 A(1) = 5 .5 e10 ; E(1 ) = 33000 ;
15 c o e f f ( 1 , : ) =[−1 0 0 0 0 0 .4 0 0 0 0 .4 0 .2 0 0 0 0 0 ] ’ ;
16
17 %R2 , S Al −> 0 .6 H2S + 0 .4 S Gas
18 A(2) = 4e18 ; E(2 ) = 61500 ;
19 c o e f f ( 2 , : ) =[−1 0 0 0 0 0 0 0 0 0 0 0 0 .6 0 .4 0 0 ] ’ ;
20
21 %R3 , S Aro −> 0 .2 H2S∗ + 0.1 S Gas∗ + 0.7 S Char
22 A(3) = 8e9 ; E(3 ) = 36000 ;
23 c o e f f ( 3 , : ) =[0 −1 0 0 0 0 .7 0 0 0 0 .2 0 .1 0 0 0 0 0 ] ’ ;
24
25 %R4 , S Aro −> 0 .3 H2S + 0 .3 S Gas + 0 .4 S Char
26 A(4) = 8 .5 e17 ; E(4 ) = 65000 ;
27 c o e f f ( 4 , : ) =[0 −1 0 0 0 0 .4 0 0 0 0 0 0 0 .3 0 .3 0 0 ] ’ ;
28
29 %R5 , S Thio −> 0 .1 S Gas∗ + 0.9 S Char
30 A(5) = 5e9 ; E(5 ) = 38000 ;
31 c o e f f ( 5 , : ) =[0 0 −1 0 0 0 .9 0 0 0 0 0 .1 0 0 0 0 0 ] ’ ;
32
33 %R6 , S Thio −> 0 .5 S Gas + 0 .5 S Char
34 A(6) = 2e17 ; E(6 ) = 70000 ;
35 c o e f f ( 6 , : ) =[0 0 −1 0 0 0 .5 0 0 0 0 0 0 0 0 .5 0 0 ] ’ ;
36
37 %R7 , S Char + S Tar∗ −> 0 .2 H2S∗ + 0.1 S Gas∗ + 1.7 S Char
38 A(7) = 3 .7 e5 ; E(7 ) = 24000 ;
39 c o e f f ( 7 , : ) =[0 0 0 0 0 0 .7 0 0 −1 0 .2 0 .1 0 0 0 0 0 ] ’ ;
40
41 %R8 , S Pyr −> 0 .25 H2S + 0 .3 S Char−ing + 0.45 FeS
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42 A(8) = 1 .6 e7 ; E(8 ) = 36000 ;
43 c o e f f ( 8 , : ) =[0 0 0 −1 0 0 0 .3 0 .45 0 0 0 0 0 .25 0 0 0 ] ’ ;
44
45 %R9 , FeS −> H2S + Fe
46 A(9) = 1 .3 e5 ; E(9 ) = 75500 ;
47 %we do the t r i c k o f d i v i d i n g E times 2 to speed up the r e a c t i o n
48 c o e f f ( 9 , : ) =[0 0 0 0 0 0 0 −1 0 0 0 0 1 0 1 0 ] ’ ;
49
50 %R10 , S S −> 0 .7 SO3 + 0 .3 S Char−ing
51 A(10) = 1 .8 e2 ; E(10) = 21000 ;
52 c o e f f ( 1 0 , : ) =[0 0 0 0 −1 0 0 .3 0 0 0 0 0 0 0 0 0 . 7 ] ’ ;
53
54 %R11 , S Al −> S Tar
55 c o e f f ( 1 1 , : ) =[−1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ] ’ ;%These f o l l o w i n g
r e a t i o n s have no pre−exponent i a l f a c t o r s or a c t i v a t i o n
e n e r g i e s because t h e i r r e a c t i o n ra t e c o e f f i c i e n t s were
c a l c u l a t e d with the equat ions l i s t e d above
56
57 %R12 , S Aro −> S Tar
58 c o e f f ( 1 2 , : ) =[0 −1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 ] ’ ;
59
60 %R13 , S Thio −> S Tar
61 c o e f f ( 1 3 , : ) =[0 0 −1 0 0 0 0 0 0 0 0 1 0 0 0 0 ] ’ ;
62
63 %R14 , S Al −> S Tar∗
64 c o e f f ( 1 4 , : ) =[−1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ] ’ ;
65
66 %R15 , S Aro −> S Tar∗
67 c o e f f ( 1 5 , : ) =[0 −1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 ] ’ ;
68
69 %R16 , S Thio −> S Tar∗
70 c o e f f ( 1 6 , : ) =[0 0 −1 0 0 0 0 0 1 0 0 0 0 0 0 0 ] ’ ;
71
72 %R17 , S Tar∗ −> S Tar
73 c o e f f ( 1 7 , : ) =[0 0 0 0 0 0 0 0 −1 0 0 1 0 0 0 0 ] ’ ;
74
75 %R18 , H2S∗ −> H2S
76 A(14) = 5e3 ; E(14) = 20000 ;
77 c o e f f ( 1 8 , : ) =[0 0 0 0 0 0 0 0 0 −1 0 0 1 0 0 0 ] ’ ;
78
79 %R19 , S Gas∗ −> S Gas
80 A(15) = 2e3 ; E(15) = 22000 ;
81 c o e f f ( 1 9 , : ) =[0 0 0 0 0 0 0 0 0 0 −1 0 0 1 0 0 ] ’ ;
Adriana Ezpeleta Gonza´lez 75
7. APPENDIX
82
83
84 omega C =0.7; % Carbon weight f r a c t i o n ( needed f o r r e a c t i o n s 11 −
13)
85 R = 8 . 3 1 4 ; %[ J/mol K] , Un ive r sa l Gas Constant
86 f o r i = [ 1 : 1 0 14 15 ]
87 k ( i ) =0.1∗T∗A( i ) ∗ exp((−E( i ) ∗ 4 .184 ) / (R ∗ T) ) ; %
4 . 1 8 4 : Convert from c a l to J
88 end
89 % Calcu la te ra t e cons tant s f o r r e a c t i o n s 11−13 accord ing to the
r e f e r e n c e [ Maf fe i ] as
90 % func t i on o f temperature and carbon weight f r a c t i o n
91 k (11) = exp (49 . 6 − 11 .7 ∗ omega C ) ∗ T ˆ (8 . 16 e−2) ∗ exp (−(2.62
e4 + 6e3 ∗ omega C ) / T) ;
92 k (12) = exp (−5.4 − 17 .7 ∗ omega C+ 24.2 ∗ omega C ˆ 2) ∗ T ˆ
( 3 . 3 2 ) ∗ exp (−(3.97 e4 ∗ omega C − 1 .7 e4 ) / T) ;
93 k (13) = exp (−20.8 + 1 .1 e2 ∗ omega C − 65 .4 ∗ omega C ˆ 2) ∗ T ˆ
( 0 . 1 2 ) ∗ exp (−(1.68 e4 + 1.31 e3 ∗ omega C ) / T) ;
94
95 %D e f i n i t i o n o f the r e a c t i o n ra t e f o r each r e a c t i o n
96 %Rate o f r e a c t i o n=k∗u dominant
97 %r ( Spec i e s X React ions )
98 %r ( Spec i e s X React ions )
99 r (1 )=k (1) .∗Uold (1 ) ;
100 r (2 )=k (2) .∗Uold (1 ) ;
101 r (3 )=k (3) .∗Uold (2 ) ;
102 r (4 )=k (4) .∗Uold (2 ) ;
103 r (5 )=k (5) .∗Uold (3 ) ;
104 r (6 )=k (6) .∗Uold (3 ) ;
105 r (7 )=k (7) .∗Uold (6 ) .∗Uold (9 ) ;%Reaction 7 has two reagent spe c i e s ,
and t h e r e f o r e both are dominant s p e c i e s
106 r (8 )= k (8) .∗Uold (4 ) ;
107 r (9 )= k (9) .∗Uold (8 ) ;
108 r (10)=k (10) .∗Uold (5 ) ;
109 r (11)=k (11) .∗Uold (1 ) ;
110 r (12)=k (11) .∗Uold (2 ) ;
111 r (13)=k (11) .∗Uold (3 ) ;
112 r (14)=k (12) .∗Uold (1 ) ;
113 r (15)=k (12) .∗Uold (2 ) ;
114 r (16)=k (12) .∗Uold (3 ) ;
115 r (17)=k (13) .∗Uold (9 ) ;
116 r (18)=k (14) .∗Uold (10) ;
117 r (19)=k (15) .∗Uold (11) ;
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118
119 U=ze ro s (16 ,1 ) ; %U=spec i e s ’ change vec to r
120 f o r j = 1 :19
121 U= U + ( r ( j ) .∗ c o e f f ( j , : ) ) ’ ∗ TimeStep ;
122 end
123 U=U+Uold ;
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Chapter 8
TIMING PLANNING AND
BUDGET
In this section the planning of the time used for every step of the thesis creation and its
budget is explained.
8.1 Timing planning
Before this thesis was begun, a plan for the time I would spend on each step of the creation
of the model was stated. This planning was assessed by giving certain stages of the thesis
a higher value than others, for instance the research about coal pyrolysis and the creation
of the model were the parts that were expected to take, and finally took the longest.
Although some readjustments had to be made the final output was finished on time. In-
deed, the creation of the model took longer than we expected, but as the comparison of the
model to the experimental data was done so quickly the calendar had no changes to suffer.
In fact, the biggest change in the planning was that, due to specific timetable of the
Department’s Chief, I had the presentation of my thesis before I had given it in. This
timetable set, the presentations always at the end of each month, and I was returning
back to Spain in middle August. Therefore I had the presentation at the end of July, once
I had all my results, but before I had written about them. In any case, this did not affect
me to meet my deadline, and I could give in my thesis in August as planned.
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Figure 8.1: Gantt diagram of the thesis’ timing planning
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8.2 Budget
When it comes to budget, the first thing to say is that no experiment was carried out, nor
any special software had to be purchased during my work on the thesis. Therefore the
only budget it can be referred to is the cost of my computer and the cost of my working
hours. Indeed, the Universidad Polite´cnica de Madrid pays for my MatLab license, which
was basically the software I was using.
It is considered a 4-month thesis is worth approximately 360 hour and that I worked in
my thesis for 4 months and a week. Accounting the value of a students work hour for
15Euros and my computers value with a 6 year amortisation schedule the total budget
for my thesis is the one accounted here below.
Staff Salary(Euros/hour) Hours Cost(Euros)
Student 15 381 5715
Product Price Amortisation(years) Time of use(years) Cost(Euros)
Personal computer 900 6 0.5 75
Total cost(Euros) 5790
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Chapter 9
ABBREVIATIONS AND
ACRONYMS
• CPD: Chemical percolation devolatilisation
• FG-DVC: Functional group and depolymerization-vaporization-crosslinking model
• GM: Grain Model
• RPM: Random Pore Model
• TGA: Thermo-gravimetric analysis
• VM: Volumetric Model
• VPSA: Vacuum Pressure Swing Adsorption
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Chapter 10
GLOSARY
• Char: To burn and become black or to burn something so that it becomes black.
• Congeal: To change from a liquid or soft state to a thick or solid state.
• Devolatilization: Act of removal of volatile material from (something, such as coal).
• Furnace: Container for holding burning substances, usually to heat buildings or to
melt metals and other materials.
• Peat: Partially carbonised vegetable tissue formed by partial decomposition in water
of various plants.
• Pyrolysis: Chemical change brought about by the action of heat.
• Seam: Long, thin layer of rock or another substance that formed between layers of
other rocks.
• Soot: Black substance formed by combustion or separated from fuel during com-
bustion, rising in fine particles, and adhering to the sides of the chimney or pipe
conveying the smoke.
• Swelling: To expand (as in size, volume, or numbers) gradually beyond a normal or
original limit, to form a bulge or rounded elevation.
• Tar: Dark brown or black bituminous usually odorous viscous liquid obtained by
destructive distillation of organic material (such as wood, coal, or peat).
Definitions from the Cambridge English Dictionary and the Merriam-Webster Dictionary.
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